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This study was conducted to determine the fate of chemically-preci-
pitated phosphorus during the overall wastewater treatment process under 
actual field conditions. Specific objectives were: to evaluate the re-
moval of phosphorus with alua and sodium aluaiJlate in a pilot plant acti-
vated sludge system, to deteraine the fate of the precipitated phosphorus 
incorporated into the aicrobial floc when placed in an anaerobic environ-
ment, and to observe the effect of aluminum on the digestion process. 
Five 38-gpd continuous-flow activated sludge pilot plant units were 
operated at the Rolla Love Creek trickling filter plant and were fed with 
settled doaestic sewage. The sludge froa the pilot plants, aixed with an 
appropriate quantity of primary sludge from the plant, was used to aain-
tain five 3-1 anaerobic digesters. The paraaeters employed during the aer-
obic studies were influent and effluent phosphorus and aluainUJR, total and 
volatile suspended solids, and cheaical oxygen demand; and those used in 
the anaerobic studies were phosphorus and aluainua in the feed sludge, the 
supernatant &Bd the digester sludge, volatile acids, and gas production. 
The addition of alUil and sodiWl aluminate to the activated sludge 
aeration chamber effectively removed phosphorus from domestic wastewater 
without adversely affecting the efficiency of the process. The precipi-
tated phosphorus vas concentrated in the digester sludge and was not re-
leased to the supernatant during anaerobic digestion, and the high concen-
tration of the aluainua ion in the digester sludge produced no detrimental 
effects. The chemical precipitation of phosphorus in the activated sludge 
aeration chamber and anaerobic digestion of the sludge produced were found 
to be a feasible and effective aethod of eliminating at least part of the 
phosphorus input to lakes and streams, and could be incorporated into 
existing or future treataent plants with little capital expense. 
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I. INTRODUCTION 
In recent years, a tremendous increase in the growth of aquatic 
plants, primarily algae, has been noted in many lakes,. reservoirs, 
and streams throughout the United States, and has been attributed to 
the presence of greater concentrations of nutrients in surface 
waters (1) resulting from the expanded use of commercial ferti-
lizers (2) and the increased discharge of nutrient-rich wastewater 
plant effluents into natural water bodies (3,4). In the suamer months, 
when extended periods of sunshine are available and the water is 
warm, prolific growths of green and blue-green algae occur. These 
growths impart taste and odor to the water, cause clogging of the 
filters in water treatment plants, and create bothersome conditions 
for swimmers, boaters, and fishermen (1). 
The addition of nutrients to the water naturally or by man, 
thereby enriching it and causing increased algal growths, is known 
as eutrophication (5). This term is used to describe the increased 
biological productivity of a lake or reservoir which results in a 
shallow depth, a large amount of floating material, and a decreased 
fish population (6). Under natural conditions, eutrophication takes 
place over aeons of time; however, in many instances its rate has 
been greatly accelerated due to the addition of nutrients by man. 
Unless the discharge of nutrients is curtailed, the rate of eutrophi-
cation can be expected to double by 1990 and redouble near the year 
2000 (4). 
Nitrogen and phosphorus, which play major roles in plant growth, 
are considered by most researchers as limiting nutrients for algal 
growth, and the removal of these nutrients during wastewater treatment 
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has been accepted as an economically feasible means of controlling 
eutrophication (l,J). Since the blue-green algae have the ability 
to fix atmospheric nitrogen, the removal of nitrogen froa waste-
water would limit the growth of the green algae only; therefore, 
the removal of phosphorus appears to be the practical method to 
control both the green and the blue-green algae (3,6,7), and most 
of the research work in this field has focused on phosphorus removal. 
It has also "been recognised ( 8) that the availability of adequate 
amounts of carbon dioxide from the bacterial decomposition of organic 
matter is essential for massive algae growths. 
Many different approaches have been tried for the removal of 
phosphorus from wastewater with varying degrees of success. The most 
popular methods employed are biological uptake and chemical precipi-
tation. Biological uptake can be effected in waste stabilization 
lagoons by the algae which are required for successful lagoon oper-
ation. There is considerable variation in the aaount of phosphorus 
removed by this method from a low of 8.2 to a high of 96.6 percent 
(9,10,11,12), and the percent removal is highly dependent upon 
temperature, with the highest removals occurring in the early 
sUDUDer and late fall ( 9) • 
Biological uptake can also be accomplished in the activated 
sludge process, and in most conventional treatment plants the amount 
of removal varies from 20 to 30 percent (13). However, much higher 
removals have been observed at several plants (14), the most noted 
of these being the Rilling plant at San Antonio, Texas, where phos-
phorus reductions of up to 90 percent, averaging 80 percent over a 
two year period, have been reported ( 13, 14,15). The high removal 
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of phosphorus by the biological floc of an activated sludge plant 
has been attributed by some investigators ( 16) to a "luxury uptake" 
of the nutrient by the microbial population. other investigators 
(13) have attributed the removals obtained in the Rilling plant to 
the precipitation of phosphorus as calcium phosphate due to the 
high alkalinity present in the water. Whatever the explanation, 
very few plants have been able to remove significant amounts of 
phosphorus without the addition of chemical precipitants. 
A number of chemicals have been employed for the precipitation 
of phosphorus from wastewater, including ferrous and ferric sulfate, 
calciUJR hydroxide, aluminum sulfate, and sodiwa aluminate, and 
have been added to the waste before, during, or after biological 
treatment (10,17,18). The method which seems to show the most 
promise from an economical standpoint is the addition of the 
chemical directly to the aeration chaaber of the activated sludge 
process; this approach requires only the addition of a chemical 
feed system to the conventional activated sludge plant, and con-
sequently necessitates little financial investment to start the 
operation. Aluminum sulfate and sodium aluminate have been found 
suitable for the precipitation of phosphorus in the aeration chamber 
and effective in removing a high percentage of the influent phos-
phorus (18,19,20,21,22). 
Although the addition of chemicals to the aeration chamber of 
the activated sludge process has been studied by many researchers, 
the fate of phosphorus during the overall waste treatment process 
has received little attention. The phosphorus, which has been pre-
cipitated and reaoved from the wastewater streaa, still remains in 
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the system incorporated in the biological floc, and its fate during 
the anaerobic digestion of the excess activated sludge has not been 
fully established. It is possible that the precipitated phosphorus 
could be released during anaerobic digestion and thereby be re-
turned to the activated sludge system with the digester supernatant. 
Although there is limited information in the literature (20,23) 
which indicates that this does not happen, further work is needed 
in this area in order to fully establish the fate of phosphorus in 
the anaerobic system. 
The effect and fate of the precipitated aluainum on the digestion 
process also needs to be investigated. The presence of high con-
centrations of aluminum in the digester could exert a toxic effect 
on the methane-forming bacteria and upset the normal digestion pro-
cess. other cations (cadmium, calcium, sodiUJl, potassium, mag-
nesium, and ammonium) have been reported to be toxic to the anaerobic 
microorganisms above certain concentrations (24,25,26,27,28). 
Since the removal of phosphorus from wastewater by chemical 
precipitation, especially with aluminum, in the activated sludge 
aeration chamber has received so much attention, a study to de-
termine the fate of phosphorus in and the effect of aluminum on 
the treatment process would be the next logical step. This in-
vestigation was therefore conducted to determine the fate of phos-
phorus during the overall waste treatment process, and in particular 
to (a) evaluate the chemical precipitation and removal of phosphorus 
with alum and sodium aluminate in a pilot plant activated sludge 
systea under actual field conditions; (b) determine the fate of 
the precipitated phosphorus incorporated into the aiorobial floe 
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when placed in an anaerobic environment; and (c) observe the effect 
of alUJilinum on the digestion process. 
Five 38-gpd continuous-flow activated sludge pilot plant units 
were operated at the Rolla Love Creek trickling :filter plant. The 
wastewater :feed :for the units was taken :from the trickling :filter 
dosing siphon just a:fter primary sedimentation. The parameters em-
ployed during the aerobic studies were influent and effluent phos-
phorus and aluminum, total and volatile suspended solids, and 
chemical oxygen demand. The sludge :from these pilot plant units, 
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mixed with an appropriate quantity of primary sludge :from the plant, 
was used to maintain :five J-1 anaerobic digesters. The main parameters 
used in the anaerobic studies were phosphorus and aluminum in the 
:feed sludge, the supernatant, and the digester sludge; volatile acids 
and gas production were also determined. 
II. LITERATURE REVIEW 
The purpose of this review was to examine the available liter-
ature in the area of chemical precipitation of phosphorus in an 
activated sludge waste treatment plant, with particular emphasis 
on the fate of phosphorus during anaerobic digestion. Studies per-
taining to the precipitation of phosphorus by the addition of chemi-
cals directly to the aeration chamber of the activated sludge pro-
cess, the fate of phosphorus during anaerobic digestion, and the 
effect of aluminum on digestion were reviewed and are presented in 
this section. 
Vedder (18), in his recent thesis on the chemical precipitation 
of phosphorus with sodium aluminate and aluminum sulfate in the 
activated sludge aeration chaaber, presented in detail research 
findings and plant data pertaining to the removal of phosphorus 
by chemical precipitation, biological uptake, and precipitation 
in the activated sludge chamber. In his work, Vedder (18) studied 
the effect of the aluminum to phosphorus (IU/P) ratio and the mixed 
liquor suspended (MLSS) and volatile suspended (MLVSS) solids on 
phosphorus removal; and the effect of the added chemicals on the 
removal of organic matter by the system, measured by the chemical 
oxygen demand (COD). He employed three 375-ml/hr (2.4-gpd) con-
tinuous-flow activated sludge units with a 2.2-1 capacity and a 
5.75-hr detention time. Settled domestic sewage vas used as the 
substrate and the only source of phosphorus. Alum and sodium 
aluminate, which were added directly to the aeration chamber, 
were used to precipitate phosphorus. The phosphorus content 
(reported as total phosphorus) of the wastewater used by Vedder 
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ranged from 4.5 to 18.4 mg/1 P and the COD ranged from 170 to 
639 mg/1. The Al/P ratio was varied from 0.82 to 1.75 for al'Wil and 
0.44 to 1.89 for sodi\Ul alUIIinate. Increased phosphorus removals 
were obtained at the higher Al/P ratios; ratios of 1.3 and 1.9 
were, respectively, required for al.wa and allllllinate to produce a 
minimum residual phosphorus concentration in the range of 1.0 ag/1 P, 
and higher ratios did not produce significantly lower phosphorus 
residuals. The MLSS concentration in the aeration chamber had 
little effect; an increase in MLSS from 3,000 to 5,000 ag/1 resulted 
in an increase in phosphorus reaoval from 89 to 90 percent when 
alua was added, and from 83 to 89 percent when alwainate was used. 
The addition of chemicals did not adversely affect the COD reaoval 
efficiency, and the COD of the effluent from the chemically-fed units 
was reported to be as low as, if not lower than, the COD of the con-
trol unit. 
Eberhardt and Nesbitt (21) studied the removal of phosphorus 
with aluainwa sulfate using a 60-1/day ( 15.9-gpd) activated sludge 
pilot plant which was fed with either a synthetic waste or settled 
domestic sewage. Alum was added directly to the aeration chaaber, 
or introduced in the effluent from this chamber with mixing, and in 
some cases flocculation, prior to sedimentation. When alua was 
added directly to the aeration chamber a poor quality effluent was 
obtained, and as the Al/P ratio was increased from 1. 88 to 2. 37 the 
efficiency of the total phosphorus removal decreased from 50.5 to 
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42. 1 percent; however, the removal of soluble phosphorus was reported 
to be 99 percent. The poor removal of total phosphorus was attributed 
to a deterioration of the aluainua floc caused by its remaining in the 
aeration chaaber for an excessive length of tiae (a 2.66-hr detention 
time was used during aeration). When the systea was modified so 
that alum could be added after the aeration chaaber, 95.9 percent 
of the total phosphorus was reaoved. The addition of alUJRinua did 
not significantly alter the biological treatment. 
Eberhardt and Nesbitt (21) also reported on a study conducted 
by Thomas (29) who had analyzed the supernatant froa an anaerobic 
digester that had been fed sludge produced in an aeration chaaber to 
which iron salts (ferric chloride and ferrous sulfate) had been 
added to precipitate phosphorus. Thoaas had found that the super-
natant froa the digester contained less phosphorus than that froa 
a control digester, and had concluded that any phosphorus which aight 
have been biologically released during anaerobic digestion was pre-
cipitated by the unreaoted iron in the sludge. 
Barth and Ettinger (20) at the Cincinnati Water Research Labora-
tory of the Federal Water Pollution Control Administration, added 
aluainua sulfate directly to the aeration chaaber of a 100-gpd 
pilot plant which was fed raw doaestic sewage. Digester super-
natant was not recycled, and 100 percent of the activated sludge 
solids were returned. They found that when 20 ag/1 of aluminum 
(as aluainWl sulfate) was added to the unit, the pH was depressed 
from 6.2 to 6.0 and a turbid effluent was produced. The reaoval. 
of phosphorus was only 70 percent during a 14-day run; however, 
when 20 ag/1 of cal..ciua (as cal..ciwa oxide) was added for pH adjust-
aent with 30 ag/1 of aluainua, a clear effluent was obtained and 
phosphorus reaoval increased to 90 percent. In another run, 
sodiua aluail'la.te was used rather than alua and the realll ta were 
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similar to those obtained using alum with lime for pH adjustment. 
A 10-mg/1 aluminum. (as sodium aluainate) dose, providing a molar 
Al/P ratio of 1, produced a residual phosphorus concentration in 
the effluent of approximately 0.5 mg/1 P with corresponding removal 
efficiencies in excess of 90 percent. The removal of COD was 
relatively unaffected by the chemical addition, and the aluainum 
concentration in the final effluent of the unit was found to be less 
than 1 rag/1. In order to determine the fate of the chemically-
bound phosphorus, Barth and Ettinger (20) anaerobically digested a 
secondary sludge which contained precipitated phosphorus and de-
termined the total phosphorus content of the digested sludge and 
supernatant. The digester contents were not mixed and supernatant 
was not recycled. After operating for six tiaes the theoretical 
detention time, these investigators found that the sludge contained 
480 mg/1 P 1 while the supernatant contained only 10 ag/1 P. They 
reported that the usual phosphorus content of a digester supernatant 
ranged from 50 to 100 mg/1 P, and concluded that the low concen-
tration of phosphorus in the digester supernatant seemed to indi-
cate that the precipitated phosphorus was not released during 
anaerobic digestion. 
In later studies, Barth, et al. (23) operated a 185-gpd con-
tinuous flow high rate (2-hr detention) activated sludge plant to 
determine if biological denitrification coupled with phosphorus 
control by chemical precipitation was feasible. Sodium aluminate 
was added directly to the aeration chamber of the activated sludge 
system to precipitate phosphorus. Domestic sewage was used as the 
substrate, and fisbaeal and tripolyphosphate were acld.ed to iacrease 
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the carbon, nitrogen, and phosphorus levels of the wastewater if 
these levels were low. Total phosphorus was reported and the 
aluminwa to phosphorus ratio averaged 1 • .54 during the study period. 
The phosphorus was reduced from 8.0 to 6.0 mg/1 P before the ad-
dition of aluminum (a red•ction of 25 percent), and from 12.6 to 
2.8 mg/1 P after the addition of 15 mg/1 of alwainua (a reduction 
of 78 percent). According to Barth and associates, following the 
addition of aluminate the overall stability of the unit was im-
proved, while the removal of COD was unaffected; the COD removal 
before and after the addition of alwainua averaged 81 and 80 
percent, respectively. When a mixture of secondary sludge from the 
pilot plant and primary sludge was digested anaerobically, it was 
found that the total phosphorus content of the digester supernatant 
decreased by well over 50 percent (from 170 to 60 mg/1 P) after 
the addition of aluminum to the system. However, the residual 
value was high compared to the residual phosphorus obtained in the 
previous study (20); this was attributed to a release of unbound 
phosphorus fro• the primary sludge. The phosphorus content of the 
digested sludge increased from 2.2 percent before the addition of 
alWiinum to 5.2 percent after the addition of aluminum. Only a 
small volume of digester supernatant was recycled, and was not 
considered significant to the study. The size of the digesters, 
the detention time, and the relative proportion of primary and 
secondary sludge in the mixture were not reported. 
The effect of adding alum to the activated sludge aeration 
chaaber was studied under actual plant conditions at the Hanover 
Park Vater Reclaaation Plaat of the Metropolitaa Sanitary District 
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of Greater Chicago (22). The plant had a 2-mgd capacity and was 
designed in such a way that one side could be used as a control 
while the other side received chemical treatment. The addition 
of alum to the activated sludge test unit at quantities sufficient 
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to provide aluminum to soluble phosphorus ratios of 0.86, 1.07, and 
1.85 resulted in soluble phosphorus removals of 68.8, 84.8, and 92.5 
percent, respectively. However, when total phosphorus was considered, 
the highest removal obtained was 83 percent and resulted from an 
aluminum to total phosphorus ratio of 1.54 (corresponding to the 
aluminum to soluble phosphorus ratio of 1.85). It was found that 
when the alum dose was greater than 200 mg/1, the concentration of 
suspended solids in the effluent of the test unit was greater than 
that in the control unit effluent. During the high dosing period 
the effluent was milky white, indicating that the high suspended 
solids were due to aluminum floc carry-over. This was confirmed 
by determining the biochemical oxygen demand (BOD) of the test 
unit effluent which was not significantly different from the BOD 
of control unit effluent. The pH of each unit was monitored and 
a slight depression in pH occurred in the test unit, but was not 
inhibitory to the biological process. It was also reported that 
the sludge volume index was depressed, and that more sludge was 
produced on the side that received alum. The fate of phosphorus 
and the effect of the aluminum on the anaerobic digestion process 
were also investigated in this study. Two high-rate digesters were 
operated throughout the four-month test period, with one used as 
a control. Since the digesters were continuously mixed, there was 
no supernatant to be returned. Weekly samples were taken from the 
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top, middle, and bottom of the digester; combined, and analyzed for 
aluminWI, total and soluble phosphorus. It was noted that the total 
phosphorus content of the digester receiving sludge from the chemically-
fed side of the plant increased and was consistently higher than that 
in the control digester; however, there was no significant difference 
between the two digesters in soluble phosphorus. The total phosphorus 
content of the control digester ranged from 994 to 1,580 mg/1 P and 
averaged 1,)61 mg/1 P, while the phosphorus content of the test digester 
ranged from 1,860 to 2,984 mg/1 P and averaged 2,418 ag/1 P. The soluble 
aluminum content of the control and test digesters were not signifi-
cantly different. The aluminum concentration in the control digester 
ranged fro• 8.8 to 82.0 ag/1, while the concentration in the test 
digester ranged from 7.5 to 8).0 ag/1. The average aetal concen-
tration was 42.6 and )6.0 ag/1 for the control and test digesters, 
respectively. No significant difference was noted between the two 
digesters in volatile acids, alkalinity, pH, or percent volatile 
solids, which would indicate that the aluainua had no toxic effect 
on the anaerobic digestion process. 
III. DESCRIPTION OF STUDY 
A. EQUIPMENT 
1. Activated Sludge Units. 
Five 38-gpd continuous-flow activated sludge pilot plant units 
were designed, built, and operated to provide a feed sludge for the 
anaerobic digestion study. These units (Figures 1 and 2) were con-
structed of 1/4-in. plexiglas and were patterned after those designed 
by Vedder (18) with only slight modifications, primarily in the 
aeration system. Each unit was provided with a sliding baffle which 
separated a 8.67-gal aeration basin and a 2.26-gal settling basin 
equipped with an aluminum V-notched weir, and a slanting wall to keep 
sludge from collecting in the front corner of the basin. 
Air was introduced along the side of the aeration tank through 
a flexible plastic tube which was connected by a "r' joint to two 
rigid plastic tubes each 6 in. in length. Holes were drilled along 
the bottom of the rigid tubes and acted as diffusers to give the con-
tents of the aeration basin a rolling motion in the transverse 
direction. Air was supplied to the units by a 35-1/min pressure-
vacuum pump.* 
The units were operated at the Rolla Love Creek trickling filter 
plant, and were fed settled domestic sewage which was taken froa the 
filter dosing tank. An influent box consisting of a plexiglas fraae 
covered by a plastic screen was used to prevent larger solids from 
entering and clogging the 3/8-in., 50-ft line which supplied a 
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distribution reservoir. Five outlets on the distribution reservoir 
were used to supply the waste to the activated sludge units, and an 
overflow was also provided to route excess flow to the trickling 
filter bed. This arrangeaent enabled gravity flow throughout the 
system and equalized the friction losses in the five feed lines, 
thereby allowing approximately equal feed rates to the activated 
sludge units. The effluemts from the units were discharged to the 
trickling filter bed. Two 2.5-gal bottles, one containing the 
aluminum sulfate solution and the other the sodiua aluainate so-
lution, were used as the chemical feed reservoirs. A Dekast&ltio 
pump* was used to regulate the chemical feed flow to four of the 
pilot plant units, while the fifth unit served as a control. The 
arrangeaent of the waste and chemical feed systems is shown in 
Figure 2. 
16 
When the units were put into operation, it was noticed that the 
main transfer of solids was from the aeration chamber to the settling 
chamber; adjustment of the sliding baffle did not improve this situ-
ation. To correct the problem, a wedge was placed just inside the 
aeration chamber to force the solids off the bottom (Figure 1). The 
wedge created a rolling motion in the longitudinal direction just 
behind the baffle, and was very effective in keeping the major portion 
of the solids in the aeration chamber. 
2. Anaerobic Digestion Units. 
The five anaerobic digesters used in the study were "anaerobic 
jars" (Figure 3) with a total capacity of 1-gal each. The gas pro-
duced by each digestion unit was measured by routing it through rubber 
*A produc~ of Buchler Instruaents, Inc., Fort Lee, New Jersey. 
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tubing to a calibrated 1-gal glass bottle filled with tap water; any 
water displaced from this bottle was collected in a 5-gal glass con-
tainer and disposed of periodically. During the study, it was found 
that when the gas pressure had increased to the point of displacing 
water, a siphoning effect took place and created a partial vacuum 
inside the digesters. To prevent this, the 5-gal reservoir was 
raised so that approximately zero head could be maintained between 
the water level in the containers used for gas measurement and the 
end of the rubber tubes which routed the water to the reservoir. The 
digesters and the collection system were located in a constant tempera-
ture room * where the teaperature was maintained at 35°C. 
B. MATERIALS 
1. Activated Sludge Seed. 
The seed used to start the activated sludge units was a com-
bination of 50 percent sludge obtained from the Rolla activated sludge 
plant and 50 percent sludge obtained from a laboratory fill-and-draw 
unit which was operated for this purpose. This coabination was used 
because the sludge from the Rolla activated sludge plant was light 
and fluffy with poor settling characteristics, and the amount of 
sludge available from the fill-and-draw unit was not sufficient to 
start the five pilot plants within a reasonable period of time. 
2. Feed for Activated Sludge Units. 
The activated sludge units were fed with settled domestic sewage 
obtained from the dosing tank of the Rolla Love Creek trickling filter 
plant. The waste was the only source of phosphorus and organic :food 
provided to the system. 




ARRANGEMENT OF ANAEROBIC DIGESTION UNITS 
). Anaerobic Sludge Seed. 
The initial seed sludge from the anaerobic digesters was ob-
tained from the Rolla Love Creek trickling filter plant. After 
approximately three weeks of operation, the sludge began to rise to 
the top of the digester. Since this problem was encountered on 
several consecutive days, the sludge was discarded and replaced 
with sludge from the Rolla activated sludge plant. After one day 
of operation, the same difficulty was encountered; therefore, this 
sludge was,also discarded and replaced with sludge from the trickling 
filter plant. Two weeks later the sludge began to rise again, and 
this situation persisted for the remainder of the study without, 
however, being a serious operational problem. According to Sawyer 
(30, p.48), rising sludge has been observed by other investigators 
who have operated glass laboratory digesters. 
4. Feed for Anaerobic Digestion Units. 
The sludge fed to the anaerobic digesters was a mixture of 70 
percent secondary sludge obtained from the pilot plant units and 30 
percent primary sludge taken from the primary sedimentation tank at 
the Rolla trickling filter plant. The primary sludge was pumped 
from the bottom of the settling basin into the skim well where it 
was dipped out and poured into a carboy; it was collected weekly 
and stored at 10°C in a constant temperature room.* Sludges from 
the five pilot plant units were collected every other day, taken to 
the laboratory, and immediately combined with primary sludge. The 
mixtures were allowed to stand overnight, or longer, at room tempera-
ture before being used to feed the digesters. 
*Model 7o4A, a product of Lab-Line Instruments~ Inc., Melrose Park, 
Illinois. 
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5. Cheaical Precipi-tants. 
Reagent grade sodiwa alwainate ( N&:20 • A1z03 • 3HzO) and technical 
grade, ground, iron-free alWRinwa sulfate (Alz(So4 ) 3 •18HzO) were 
used to precipitate phosphorus from the wastewater. 
c. EXPERIMENTAL CONDITIONS AND OPERATIONAL PROBLEMS 
1. Activated Sludge Study. 
During the two month period of the study, the COD of the settled 
sewage varied from 135 -to 373 mg/1 wi-th an average of 287 ag/1, and 
the total phosphorus content ranged from 4.5 to 14.0 mg/1 P and 
averaged 9.4 ag/1 P. 
The sewage flow was maintained as close as possible to 144-1/day 
(38-gpd); however, due to continuous varia-tion in the influent flow 
rate to -the distribution reservoir caused by the constantly changing 
head in -the dosing tank, a constant flow vas impossible -to main-tain. 
The average flow rates for the five units are shown below, together 
with -the corresponding de-tention times in the aeration and settling 
tanks. 
Flow Ra-te, .1/day Average Detention Time, hr 
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Unit Avera!e Minimwa Maximua Aera-tion Basin Settli:n~ Basin 
1 145 133 173 5.43 1.72 
2 150 125 179 5.25 1.67 
3 148 127 177 5.33 1.69 
4 145 124 171 5.43 1.72 
5 150 131 1?6 5.25 1.67 
The average aixed li~uor suspended solids (MLSS) and aixed 
liquor volatile suspended solids (MLVSS) concentrations in the five 
units during the test period are shown below. 
MLSS MLVSS 
Unit ag/1 ag/1 % of MLSS 
--1 1,790 1,390 78 
2 4,360 2,290 53 
3 4,300 2,290 53 
4 4,380 2,180 50 
5 4,44o 2,320 52 
The MLVSS were used to control the active aicrobial population 
in the activated sludge aeration chaabers, and solids were wasted 
as needed to aaintain the MLVSS near the 2,000 ag/1 level. 
AlWR and sodiua alWiinate were each added to two activated 
sludge units, and a fifth unit served aa a control. The cheaicala 
were added directly to the aeration chaabers in the fora of solutions 
of a desired strength at the rate of 1.0-1/da.y. The strength of 
the chemical solutions was adjusted every week on the basis of the 
average influent phosphorus concentration during the preceding week 
in order to provide Al/P n.tios of 1.3 and 1.9 for alum and sodiWl 
aluminate, respectively. 
After three days of operation, the aixed liquor in the units 
began to turn green because of algal growth. The units were, there-
fore, covered with a canvas top in an effort to curtail this problem, 
and several days later the algal growth disappeared in the aeration 
chamber although a liaited growth reaained in the settling basin. 
A rising sludge proDlea waa encountered in the clarifiers after 
the total aixed liquor auspended solids content of the unita reached 
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~he 1,500 mg/1 level. I~ vas fel~ ~ha~ ~his problem could have been 
caused by solids which remained in ~he se~~ling·basin ~oo long and 
were subjec~ed ~o anaerobic decomposi~ion. Ni~rogen gas produced 
under ~hese condi~ions would have given buoyancy ~o ~he sludge and 
caused i~ ~o rise ~o ~he ~op of ~he clarifier. To coun~erac~ ~his 
problem, ~he flow ~o ~he uni~s was s~opped ~vice daily and ~he 
baffle separa~ing ~he aera~ion ~ank froa ~he se~~ling basin vas re-
moved for 15 ain ~o allow aixing and aera~ion of ~he coaple~e uni~. 
This procedure, combined vi~h ~he addi~ion of cheaicals, eliaina~ed 
~he problem in ~he four ~es~ uni~s, bu~ ~he problaa s~ill occurred 
occasionally in ~he con~rol uni~ which did no~ receive any chemicals. 
2. Anaerobic Diges~ion S~udy. 
The anaerobic diges~ers were operated in a cons~ant ~eaperature 
room at 35°C (95°F). A 15-day deten~ion ~iae vas eaployed with each 
unit, and in order to simulate high-rate diges~ion, the contents of 
~he units were mixed three tiaes daily by hand, The aver&@& or-
ganic loadings for each of the five units during the tvo-aon~h ~es~ 
period are shown below, ~ogether vi~h ~he ainiaua and aaxiaua values 
encoun~ered. 
Vola~ile Suspended Solids Loading, lb/cu ft/day 
Uni~ Average Miniaua Maxiaua 
............ 
1 0.028 0.022 0.050 
2 0.040 0.029 0.052 
3 0.037 0.023 0.045 
4 0.049 0.039 0.063 
5 0.038 0.032 0.054 
I~ should be noted tha~ these loadings are lover than the 
reco .. ended design values for high-rate digestion and are nearer to 
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the values recomaended for conventional digestion. Loadings of 
0.03 to 0.04 lb VS/cu ft/day at 30-day detention and 0.1 to 0.2 lb 
VS/cu ft/day at 10 to 15-day detention are normally employed in the 
design of conventional and high-rate digesters, respectively 
(31, p.252). 
D. EXPERIMENTAL PARAMETERS AND DETERMINATIONS 
1. Total Phosphorus. 
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In reviewing the literature, it was found that phosphorus data 
have been reported in a wide variety of terms, including elemental 
phosphorus, soluble phosphorus, orthophosphate, inorganic phosphate, 
metaphosphate, sodium phosphate, tetra sodium phosphate, triphosphate, 
and pyrophosphate. This variation has made the correlation of phos-
phorus removal data very difficult, if not impossible. The trend in 
recent literature, however, seems to be to report total phosphorus 
(18,20,21,23). In addition, complex inorganic and organic forms of 
phosphorus may be biologically broken down into soluble phosphate 
which can be used for plant growth (32). For these reasons, only 
total phosphorus determinations were made and served as the main 
experimental parameter in this study. 
A method for the determination of phosphorus in wastewater is 
not given in Standard Methods for the Examination of Water and Waste-
water (33). The test employed for the determination of total phos-
phorus was developed by Murphy and Riley (34), and was later aodi-
fied and applied to wastewater by Jankovic, et al. (35). This test 
employs aamoniua aolybdate .and potassium antiaonyl tartrate to react 
under acidic conditions with orthophosphate and fora phosphomolybdic 
acid; this acid ia then reduced to aolybdenua blue by ascorbic acid, 
and the intensity of the resulting color complex is measured using 
a colorimetric device. The deteraination of total phosphorus re-
quires that the saaple be first digested with potassiua persulfate 
in an acidic environment. 
To deteDaine total phosphorus, 2 111 of 5N sulfuric acid and 
1.0 g of potassiua persulfate were added to 10 al of sample; the 
sample was then diluted with about 30 ml of deionized water, boiling 
beads were added, and the mixture was boiled for 30 ain on a reflux 
condenser to ainiaize loss of sample. Although Jankovic, et al. (35) 
have recoamended a 15-min boiling period, a lonBBr digestion period 
was found necessary to allow maximum release of the organic phos-
phorus 1n the sludge samples. After boiling, the samples were 
diluted* to an appropriate voluae to obtain a transmittance between 
40 and 90 percent, and 42 al of the diluted sample were added. to a 
Nessler tube already containing 8 ml of a mixed reagent** to bring 
the total voluae to 50 111. Ten minutes were allowd for the color 
to develop, and the percent transaittance was measured using a 
spectrophotoaeter*** at 710 mp. 
*The following dilutions were noraally employed: settled sewage 20 
to 1, activated sludge effluents 10 to 1, digester feed sludge 100 
to 1 up to 1,666 to 1, digested sludge 200 to 1 up to 1,666 to 1, 
digester supernatant 200 to 1 down to 100 to 1. 
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**Prepared by mixing 125 ml of a 5N sulfuric acid solution with 37.5 
m1 of an aaaonium molybdate solution (40 g/1) and then adding 
75 al of a o.1M ascorbic acid solution and 12.5 al of a potassium 
antimonyl tartrate solution (0.2743 g/100 al); this aixture was 
prepared daily. 
***Hitachi Perkin-Elaer, Model 139, ultraviolet visible spectropho-
tometer, a product of the Coleaan Instruaent Corporation, Maywood, 
Illinois. 
A wavelength of 882 ap was reco-ended 'by Jankovic, et al. (35) 
to produce aaxiaua light absorption by the blue coaplex; however, 
another peak has been reported at 12 5 •1' ( )4, 36) • Since the spectro-
photometer used in this study was not stable at the longer wave-
lengths, a spectral transmission curve was aade at the shorter wave-
length; the results indicated that aaxiaua absorption with the 
particular ~natruaent used occurred at 710 ·~· and this wavelength 
was used in this study. 
2. Total Alllllinua. 
Since a aethod is not given in Standard Methods (33) for the 
deteraination of aluain'Wl in wastewater, all atoaic absorption pro-
cedure suggested by Villiaaa (37) at the Cincinnati Vater Research 
Laboratory was eaployed. This aethod was very siaple and rectuired 
little advance preparation of the teat saaple; it consisted of auto-
claving the saaple at 15 psi (121°C) for 30 ain under acidic con-
ditiona to insure that all of the aluainllll was iD solution, and de-
teraining its concentratien using an atoaic absorption spectro-
photoaeter. 
The saaples were prepared for autoolaving by adding 0.5 al of 
concentrated hydrochloric acid (1.0 al when sludge saaples were 
tested) to 4o al of saaple or aliquot in a test tube covered with 
an al'Wiinua cap.* After autoclaving, the percent absorption of each 
saaple was deterained using the atoaic absorption spectrophotoaeter** 
*It was folUlci. later in the study that the alUilinllll caps released 
aluain\UI into the saaple duriag autocla.ving (see Table V, p. 51); 
the use of plaatic caps is therefore reooaaended. 
**Model 303, ·a product of the Perkin-Elaer Corporation, Norwalk, Con-
aectic•tl this illatraaent was ava.il&Dle iB the Geocheaiatry LaDora-
tory of the Departaent of Geological Eqineering and Geology, Uni-
varaity of Mias .. ri-Rolla. 
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shown in Figure 4, and the aluminum concentration was determined 
from a calibration curve which was prepared from aluminum standards 
every time samples were tested. If necessary, the autoclaved 
sludge samples were further diluted to keep the percent absorption 
values on the linear portion of the calibration curve. 
). Total and Volatile Suspended Solids. 
The mixed liquor volatile suspended solids were employed to 
control and maintain the microbial population in the activated sludge 
units at the desired level, and volatile solids in the settled sludge 
were used to determine the organic load applied to the anaerobic 
digesters. Total solids were also detenined to provide a measure 
of the volatile and fixed fractions. 
The mixed liquor suspended and volatile suspended solids were 
determined according to Standard Methods (JJ, p.425) with the ex-
ception that a glass fiber mat was used rather than the suggested 
asbestos aat. The digester sludge total and volatile solids were 
also determined in the saae manner. A 20-al sample was filtered 
through a Gooch crucible which had been previously fired and weighed. 
The crucible was then dried at 10)°C for 1 hr, cooled, and weighed 
to determine the total solids. It was then ignited at 600°C for 
15 min, cooled, and reweighed to determine the volatile fraction 
of the total solids. 
4. Chemical Oxygen Demand. 
The COD of the influent to and effluents from the activated 
sludge units was determined to provide a measure of the strength 
of the incoming settled domestic sewage and the quality of effluent 
produced by the activated sludge units, thereby enabling an evalu-
ation of the per.foraance of these units. 
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Figure 4 




The COD of the various samples was deterained using the pro-
cedure outlined in Standard Methods (33, p.510). When effluent 
saaples were eYaluated, 10 ml of o.o2.51V potassi1111 dichromate, 
0.4 g of mercuric sulfate, 30 ml of concentrated sulfuric acid, and 
several pumice granules were added to 20 •1 of saaple and refluxed 
for 2 hr. The mixture was allowed to cool, the reflux condensers 
were washed down with deionized water, the samples were diluted to 
approximately 140 ml, and then titrated with o.o1N ferrous &IUI.oniua 
sulfate using ferroin indicator. When the COD of the settled sewage 
feed was detel:llined, the saae procedure was employed, except that 
0.25N potassiua dichromate and o.1N ferrous aaaonium sulfate were 
used. 
5. Volatile Acids, pH, and Alkalinity. 
The volatile acids concentration was used as the major control 
parameter of the anaerobic digestion units; a steady increase in the 
amount of volatile acids is a good indication of impending diffi-
culties. A steady decrease in pH or alkalinity is also a sign of 
trouble 1n a digester becavse it is an indication of an increased 
acid concentration; however, by the time a definite downward trend 
has been established, the acid concentration could have already 
reached toxic levels. Therefore, pH and alkalinity were only used 
as secondary parameters to complement the volatile acids data. 
The volatile acid and alkalinity content of the supernatants 
from the anaerobic digestion units were determined using a modifi-
cation of the method proposed by DiLallo and Albertson (38). Al-
though a procedure is outlined in Standard Methods (33, p.538), 
this method was chosen because it employed only two chemicals, 
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whereas the standard aethod required four; it vas easier to perfora; 
and measured alkalinity and pH along with the volatile acids. 
According to DiLallo and Albertson (38), in an anaerobic digester 
most alkalinity is due to the presence of the bicarbonate ion, and 
if the pH is lowered to around 3.3, the bicarbonate ion will be con-
verted to carbonic acid which can be reaoved (as carbon dioxide) by 
lightly boiling the acidified saaple. This procedure can remove all 
the alkalinity, except for a small aaount referred to as base 
alkalinity which is contributed aostly by the phosphate ion and does 
not change unless there is a drastic change in the feed sludge. If 
the pH is subsequently raised froa 3.3 to 4.0, any aineral acidity 
present vill be neutralised, and a back titration froa pH 4.0 to ?.0 
will result in a aeasure of the volatile acids content of the saaple 
plus any base alkalinity present. The procedure proposed by DiLallo 
and Albertson was used in this study with the exception that the 
alkalinity titration was stopped at pH 4.5 rather than the proposed 
pH of 4.0 because the endpoint for total alkalinity is usually taken 
as 4.5 (39, p.J28). 
Fifty milliliters of the digester supernatant was placed in a 
250-al beaker, its initial pH vas deterained, and then titrated vith 
o.1N sulfuric acid to a pH of 4.5 using a pH aeter.+ The pH vas then 
lowered to 3.3 and the sample was boiled lightly for 3 ain to reaove 
any carbon dioxide present. The saaple was cooled in a water bath, 
its pH vas raised to 4.o, and then back titrated with o.OlN sodiua 
hydroxide to a pH of 7.0. The saaple alkalinity and volatile acids 
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+Zeroaatic pH Meter, a product of Jeckaan Instruaents, Inc., ~lerton, 
Califernia. 
were computed as follows: 
Alka.l.inity, mg/1 (as CaC03) • A x N ~· 50,000 
Where: A • sulfuric acid to lower pH to 4.5, ml 
N - normality of sulfuric acid 
S • sample size titrated, ml 
B X N X 60,000 Volatile Acids, ag/1 (as CH3cooH) - ----:8-...:;_-
Where: B • sodium hydroxide to raise pH to 7. 0, ml 
N • normality of sodium hydroxide 
S • sample size titrated, ml 
6. Volume and Composition of Digester Gas. 
The amount of gas produced by the anaerobic digesters serYed as 
a means of evaluatiag their performance because it represented a 
direct measure of the aaount of organic matter stabilised. Gas pro-
duction is considered by some investigators to be the major paraaeter 
in digester control (40). The relatiTe composition of the gases pro-
duced by the various digesters was also evaluated to deteraine if 
increased aluminum concentrations had an effect upon the character 
of the digester gas. 
The volume of gas produced by the units was aeasured by the 
aaount of water displaced from the calibrated bottles. Gas froa 
the digesters was saapled periodically by introducing the needle of 
a 1.0 ml syringe into the rubber tube release outlet at the top of 
the digester. The gas in the syringe was then injected into a gas 
partitioner* (Figure 5, p.27), equipped with a DEHS and a molecular 
sieve column** and a dual thermal conductivity detector. Predried 
*Fisher Haailton Model 29, a product of Fisher Scientific, Pitts-
burg, Pennsyl Tania. 
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**DBHS colwuu 6-ft .x 1/4-in. al"Uinua packed with 30% Di-2-ethyl-
hexylsebacate on 60-80 aesh chroaosorb P.· Molecular sieve ooluan: 
6 • .5-ft x 3/16-·iD. &l.UilinWR p.acked with 40-60 aesh molecular sieve 13X. 
heliua carrie·r gas was used to sequentially sweep the digester gas 
through the DmHS column, the first detector, the molecular sieve 
column, and the second detector; and the signals from the detectors 
were sensed by a recorder.* The columns were maintained at ambient 
temperature, the detector cells were kept at 70°c, and the carrier 
gas flow was regulated at 4o al/min. 
E. EXPERIMENTAL PROCEDURES 
1. Activated Sludge Study. 
At the beginning of the study, three of the pilot plant units 
were started with activated sludge taken froa a laboratory fill-
and-draw unit, and the other two were started with sludge from the 
Rolla activated sludge plant. After a 4-da.y operation, the sludge 
in the five units was allowed to settle, the supernatant liquor 
was withdrawn, and the remaining solids were mixed and equally dis-
tributed in order to provide each unit with approxillately the same 
number and type of microbial solids. All five units were operated 
without any chemical additions until the MLSS reached the 1,500 mg/1 
level, at which time the addition of chemicals was started to unita 
2 through 5, while unit 1 remained as a control. Thereafter, the 
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units were serviced twice each day, and sludge was wasted as necessary 
to keep the volatile solids as near the 2,000 mg/1 level as possible. 
The following procedure was used when servicing the units: 
a. Influent and effluent samples were collected twice daily and 
combined with other samples collected over an appropriate number 
of days to fora a composite saaple. Saaples were stored at 1o0 c 
*Spee4aaax V Recorder, a product of the Leeds & Northrup Company, 
Philadelphia, Pennsylvania. 
until they were used to determine the phosphorus, aluminum, 
and COD concentrations; phosphorus and aluainua were measured 
on 2-day composites and COD was determined on a weekly composite. 
b. Mixed liquor samples were taken every other day and used to 
determine total and volatile suspended solids. 
c. The influent sewage and cheaical feeds were stopped. 
d. The air was shut off on alternate days and the units were allowed 
to settle for 30 min; sludge was then siphoned out from the 
settling chamber to feed the anaerobic digesters, and the air 
was turned on. 
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e. The baffles separating the aeration tank from the settling 
basin were removed each day, and the combined contents allowed 
to aerate for 15 ain. 
f. Influent and effluent lines were cheeked and cleaned if necessary. 
g. The baffles were replaced, and the sewage and chellical feed 
flows were started; the flow rates were checked and adjusted if 
necessary. 
h. The oil reservoir in the pump was checked and filled if necessary, 
and the chemical feed reservoirs were replenished if needed. 
2. Anaerobic Disestion Study. 
The anaerobic digesters were started with seed sludge obtained 
from the Rolla trickling filter plant; thereafter, they were fed 
daily with a aixture of primary and secondary sludge. The coaposition 
of the feed sludge was gradually changed over a period of one week 
from 70 percent priaary and )0 percent seeon4ary to 30 percent pri-
mary and 70 percent secondary, and this ratio was aaintained through-
out the study. The sludge mixture was prepared every other day and 
kept at rooa teaperature until used in order to utilize any dissolved 
oxygen present in the activated sludge and prevent its toxic effect 
upon the strictly anaerobic aethane-foraing bacteria. The digesters 
were operated for 6.5 weeks with a voluae of 2 1, after which tiae 
the volume vas gradually increased over the period of a week to 3 1 
and aaintained at that level for the reaainder of the study • The 
following procedure was used when servicing the units: 
a. The voluae of the gas produced was recorded daily. 
b. The gas pressure was released froa the digesters, and the out-
let was opened. 
c. The calibrated water bottles were filled if necessary, and the 
5-gal reservoir was emptied. 
d. An appropriate voluae of supernatant ( 133 al when a 2-1 voluae 
was used and 200 al when a 3-1 voluae was eaployed) vas siphoned 
out of each unit every day except Sunday; on that day an equal 
voluae of digested sludge was removed and wasted. Volatile 
acids, pH, akalinity, and alWiinua were detenained in supernatant 
samples every other day, and total phosphorus was aeasured on 
alternate days. The portion of the supernatant which was not 
used was returned to the head of the aeration chaaber of the 
' 
corresponding activated slu4ge unit. 
e·. Digested. sludge samples were taken on alternate days with a 
broken-tip pipette and stored at 10°C until used to deteraine 
the phosphorus, aluainua, and solids concentrations. Phosphorus, 
tetal and volatile solids in the feed and digested sludges were 
deterained every other day, and &luainua was aeasured on alter-
nate days. 
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f. The units were filled to the 2 or 3-1 volume with the appropri-
ate sludge mixture. 
g. The gas outlets were closed. 
h. The digesters were hand mixed three times daily to disperse the 
newly added sludge. 
IV. EXPERIMENTAL RESULTS 
This study was conducted to determine the fate of chemically-
precipitated phosphorus during the overall wastewater treatment pro-
cess under actual field conditions. To accomplish this objective, 
five activated sludge units and five anaerobic digesters were oper-
ated for a period of 63 days. The first 23 days were used to estab-
lish optimua operating conditions for the ten units, to evaluate 
test procedures, and to develop experimental paraaeters to be em-
ployed and tae frequency of their dete.raination. The preliminary 
data taken d'IU'ing this period are reported, 'but the aost extensive 
data, and that of aajor concern, began with the 23rd day of oper-
ation, at which tiae chemical precipitants were added to four of the 
activated sludge units. The 23rd day of operation has been used as 
the "zero" day in this presentation, and the figures and tables 
have been arranged according to this designation. Activated sludge 
unit 1 was used as a control, while units 2 through 5 received 
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either alua or sodium aluainate to precipitate phosphorus. Digesters 
1 through 5 received sludge fro• activated sludge units 1 through 5, 
respectively, combined with sludge froa the priaary sedimentation 
basin at the Rolla Love Creek trickling filter plant. Average eper-
ating conditions for both the activated sludge units and the anaerobic 
digesters are sumaarized in Table I. 
The major parameters employed throughout the test period were 
influent and effluent phosphorus and aluminum., total and volatile 
suspended solids, and cheaical oxygen demand in the activated sludge 




Sewage Flow Rate, 1/day 





Organic Loading, lb/cu ft/day 
Detention Tiae, days 
Table I 
A VIRAGE OPERATING CONDITIONS 
Unit 
1 2 3 4 5 
Chemical Precipitant Used 
Control Alua Sodium Aluminate 
Activated Sludge Pilot Plants 
145 150 148 145 150 
5.43 5.25 5.33 5.43 5.25 
1.'72 1.67 1.69 1.'72 1.67 
1,790 4,360 4,300 4,380 4,440 
1,390 2,290 2,290 2,180 2,)20 
AD&erobic Digesters 
0,028 0.040 0.037 O,o49 0.038 






sludge and the digester supernatant, volatile acids, and gas pro-
duction in the anaerobic digestion study. 
A. ACTIVATED SLUDGE STUDY 
The primary purpose for operating the activated sludge pilot 
plant units was to produce a feed sludge high in chemically-bound 
phosphorus with which to operate the anaerobic digesters. Since 
these pilot plants were required to operate the digesters, it seemed 
that an evaluation of phosphorus removal by chemical precipitation in 
the activated sludge aeration chamber under field conditions would 
be worthwhil.e. 
Al.WI was added to activated sl.udge units 2 and 3 and sodium 
alWilinate was added to units 4 and 5 to obtain Al./P ratios of 1.3 
and 1.9 for alum and aluminate, respectively, which have been re-
ported (18) to be optiaum for the Rol.la sewage. In determining the 
amount of alWilinWil to be added to the units, the average influent 
total phosphorus concentration during the preceding week was con-
sidered. However, due to the wide variation in the influent phos-
phorus content, the optimum Al./P ratios could not be maintained. 
The dail.y sewage fl.ow rate through the pilot plants, the influent 
phosphorus concentration, the amount of aluminum added, and the re-
sul.tingaotual Al./P ratios are presented in Table II. 
The data on phosphorus removal in the activated sludge units 
are also shown in Table II with a graphical presentation given in 
Figure 6. In the early part of the study, the phosphorus concen-
tration in the effluents of the pilot plants vas higher than the 
influent phosphorus. During that period, saapl.es were collected 





























REMOVAL OF PHOSPHORUS FROM WASTEWATER BY CHEMICAL PRECIPITATION 
IN THE ACTIVATED SLUDGE AERATION CHAMBER 
Unit 1 - Control 
-
Sewage Aluminum Al/P Total Phosphorus* Flow Added Influent Effluent % Influent 
1/d&y mg/dA.y Ratio mg/1 rag/1 Removed mg/1 
0 6.9 7.8 
245 5.2 7.0 
164 None N/A 5.0 8,0 
145 8,8 8,2 78 
157 8.4 8.8 1.54 
154 8.8 8.8 
151 7.3 9.8 -151 4.5 6.5 
148 12,5 8,8 30 148 6.0 4.0 33 135 148 9.6 8,4 13 
148 
- - -134 N/A N/A 12,0 8.7 27 2)8 
143 14,0 10,8 23 
158 14,0 10,0 29 
167 12.0 8.o 33 332 168 12.0 8.o 33 151 12,0 10,0 17 
151 12,0 10,0 17 358 151 9.0 8,o 11 
153 12.0 9.0 25 
156 s.o 5.0 0 373 
*Two-day composites of samples collected twice daily, except on Sundays, 

















































Table II (continued) 
RIMOV AL OF PHOSPHORUS FROM WASTEWATER BY CHEMICAL PRECIPITATION 
IN THE ACTIV~ SLUDGE AERATION CHAMBER 
Unit 2 - Alua Feed 
Sewage AlwainWl Al/P Total Phosphorus* 
Flow Added Influent Effluent % Influent 
l/day mg/dJJ.y Batio mg/1 ag/1 Removed ag/1 
0 6.9 9.0 
236 5.2 6,0 
1.58 None N/A ,5.0 8,6 
151 8,8 9.0 78 
144 114o 0.9 8,4 10,4 154 
1.57 1,1 8,8 3.4 61 
147 1.4 7.3 2,8 62 -
145 2,2 4.5 1,0 78 
153 0,8 12.5 o.6 95 
158 1468 1.6 6,0 1.4 77 13.5 




130 0.9 12,0 1.9 84 238 
137 0,8 14,0 2.6 81 
164 196o 0.9 14,0 2,0 86 165 1.0 12.0 1,4 88 332 
148 1,4 12,0 1.7 86 
147 2442 1.4 12,0 1.2 90 
1.54 1.3 12,0 2,8 77 358 
145 1.5 9.0 1.7 81 
150 196o 1,1 12,0 2,6 78 
150 2,6 s.o 0.7 86 373 
*Two-day composites of samples collected twice daily, except on Suadaya, 

































































Table II (continued) 
REMOVAL OF PHOSPHORUS FROM WASTEWATER BY CHIMICAL PRICIPITATION 
IN THE ACTIVATED SLUDGE AERATION CHAMBER 
Unit 3 - Alwa Feed 
Sewage AluainUil Total Phosphorus* Al/P Flow Added Influent Effluent % Influent 
1/day ag/day Ratio ag/1 ag/1 Removed ag/1 
0 6.9 9.3 
213 Hone H/A 5.2 6,8 167 5.0 5,8 
147 8,8 8.3 78 
145 1140 0.9 8,4 10,4 1;4 
150 1,1 8,8 4.6 36 
147 1,4 7.3 3.9 :n -
144 2,) 4.5 0.9 80 
168 0,7 12.5 0.7 94 
161 1468 1.5 6,0 1.7 72 135 138 1.1 9.6 2,4 7.5 
137 - - 1,9 -
134 0.9 12,0 1.7 86 238 
135 0,8 14,0 2.7 81 
144 1960 1,0 14,0 1,9 86 
143 1,1 12,0 1,3 89 332 
28 163 1,3 12,0 1,4 88 
30 150 2442 1,4 12,0 1.3 89 
32 157 1.3 12,0 1,8 85 358 
35 141 1960 1.5 9.0 1.9 79 3? 14? 1.1 12.0 2.2 82 
39 143 2,? 5.0 0.5 90 373 
---··- -·---·-
*Two-day composites of samples collected twice daily, except on Sundays, 















































Table II (continued) 
REMOVAL OF PHOSPHORUS FROM WASTEWATER BY CHEMICAL PRECIPITATION 
IN THE ACTIVATED SLUDGE AERATION CHAMBER 
Unit 4 - Sodium Aluminate Feed 
Time Sewage Aluainllll Al/P 
Total Phosphorus* 
Flow Added Influent Effluent % Influent Days 1/day mg/day Ratio mg/1 m.g/1 Removed mg/1 
-23 0 6.9 8,2 
-20 202 None N/A 5.2 10.0 
-18 181 5.0 8.0 
-16 1)7 8,8 8,5 78 
0 150 1580 1,) 8,4 9.6 154 
2 160 1.4 8,8 4,8 46 
4 148 1,9 7.3 3.8 48 -
7 154 2,9 4.5 1,0 78 
9 161 1,0 12.5 1,2 90 
11 155 2030 2,2 6.0 2,2 63 135 
14 137 1,6 9.6 1.8 81 
16 130 - - 3.2 -
18 131 1.3 12.0 1.9 84 238 
21 132 1,1 14.0 2.7 81 
23 150 2720 1,3 14.0 1,4 90 
25 155 1.5 12,0 1,4 88 332 
28 157 3385 
1,8 12.0 1.6 87 
30 150 1.9 12,0 1,1 91 
32 147 1.9 12.0 1,4 88 358 
35 137 2.2 9.0 1.4 85 
37 154 2720 1,5 12,0 2,) 81 
39 140 ).9 5.0 0,4 92 373 
- -
*Two-day composites of samples collected twice daily, except on Sundays. 


























































Table II (continued) 
REMOVAL OF PHOSPHORUS FROM WASTEWATER BY CHEMICAL PRECIPITATION 
IN THE ACTIVATED SLUDGE AERATION CHAMBER 
Unit 5 - Sodium Aluminate Feed 
Sewage Aluainua Al/P Total Phosphorus* Flow Added Influent Effluent 
" 
Influent 
1/day mg/day Ratio mg/1 ag/1 Removed m.g/1 
0 6.9 11,0 
2)0 None N/A 5.2 9.5 162 5.0 8,4 
145 8,8 8,) 78 
14) 1580 1.3 8,4 9.4 154 
144 1.6 8,8 3.6 59 
147 1.9 7.3 3.2 56 -
144 3.1 4.5 o.8 82 
157 1,0 12.5 0.5 96 
161 2030 2,1 6.0 1.3 78 135 142 1.5 9.6 2.2 77 
147 - - 2.2 -
141 1.2 12.0 2.0 83 238 
140 1,0 14.0 2.7 81 
160 2720 1,2 14.0 2.7 81 
165 1.4 12.0 2.3 81 332 
28 155 1,8 12,0 2.2 82 
30 148 3385 1.9 12.0 1.2 90 
32 155 1,8 12.0 1.7 86 358 
35 147 2720 2,0 9.0 1.9 79 37 151 1,5 12,0 3.1 74 
39 141 3.9 5.0 0.5 90 373 
*Two-day composites of samples collected twice daily, except on Sundays, 
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Figure 6 
REMOVAL OF PHOSPHORUS FROM WASTEWATER BY CHEMICAL PRECIPITATION 
IN Tt£ ACTIVATED SLUDGE AERATION CHAMBER 
~ 
\,.,.) 
observed can be explained if the relative detention times in the 
sewer (estimated at 1 hr), the primary sediaentation basin (2 hr), 
and the pilot plant units (7 hr) are considered. On this basis, 
influent sewage samples taken at 8:00 a.m. at the Rolla treatment 
plant must have originated in the city at approximately 5:00a.m.; 
whereas the effluent samples from the pilot plants which were also 
taken at 8:00 a.m. would have originated seven hours earlier than 
the influent samples, or at about 10:00 p.m. of the preceding day. 
Due to the greater use of detergents, the phosphorus content of the 
wastewater entering the sewer at 10:00 p.m. would logically be much 
higher than that of the wastewater entering at 5:00 a.m. To com-
pensate for this variation, saaples were collected twice each day at 
8:00 a.m. and 4:00 p.m. and combined to form a coapositea after the 
new saapling technique was initiated on June 27, 1969, the phosphorus 
content of the influent was consistently higher than that of the 
effluents from the pilot plant units. 
The influent total phosphorus varied froa 4.5 to 14.0 mg/1 P 
during the study, with the low values observed at the beginning and 
at the end of the test period when there was a considerable amount 
of rainfall in the Rolla area. The effluent phosphorus from units 
2 through 5 decreased sharply (Figure 6) after the addition of chemi-
cals on day zero and during the remainder of the study remained in 
the neighborhood of 1.0 to 3.0 ag/l P, which is greater than the 
1.0 mg/l P residual phosphorus reported by Vedder (18). The effluent 
from unit 5 was consistently higher in phosphorus content than the 
other chemically-fed vaits froa the 21st to the 28th day. Because 
the effluent from this unit also had a cloudy appearance during 
45 
this period, it was thought that the increased phosphorus concentration 
resulted from aluminum floc carry-over; this has also been reported by 
other researchers (21,22). The control unit averaged about 20 percent 
removal of phosphorus with the greatest percentage of removal occurring 
on the 11th, 25th, and 29th days. This value is lower than the 30 per-
cent removal obtained by Vedder (18) in a control unit, but within 
the range of 20 to 30 percent reported for conventional activated sludge 
plants ( 13). 
The chemical oxygen demand of the influent to and the effluents 
from the five activated sludge pilot plants was deterained in order to 
provide an indication of the efficiency of the biological treataent 
process. The COD data are presented in Table II and Figure 7. The 
influent COD varied from 135 mg/1 on the 11th day to 373 ag/1 on the 
39th day. As shown in Figure 7, the lower influent COD values occurred 
at the beginning of the study when there was a considerable amount of 
rainfall in the area. The effluent COD of all five units was low 
during most of the study with the highest values occurring during 
the 7th week. An exception was the control unit which had its highest 
effluent COD during the last week of operation; this resulted from a 
bulking sludge, some of which passed out in the effluent. The average 
effluent COD values for units 1 through 5 were 27,* 19, 26, and 35 mg/1, 
respectively, and were within the range of values reported by other 
workers (18,21) for a normally operating activated sludge unit. The 
low effluent COD values observed in all five units under widely varying 
influent conditions indicated that the biological process was not affected 
by the addition of eheaicals. 
*This average does not include data obtained during the last week siaee 
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Figure 7 
EFFECT OF CHEMICALS ON C 0 D REMOVAL IN THE 
ACTIVATED SLUDGE AERATION CHAMBER 
~ ()'\ 
Mixed liquor suspeBded solids da~a are tabulated in Table III; 
the MLSS and MLVSS were employed to control ~he biological mass in 
the activated sludge units. The volatile portion of the suspended 
solids was evaluated only once in the early part of the s~udy and 
the results indicated tha~ all units contained approx1aately 70 per-
cent vola~ile solids and JO percent fixed solids. Beginning one week 
after the addition of chemicals, ~he vola~ile fraction of the sus-
pended solids was determined each time the total solids were 
measured; volatile solids decreased to around 50 percen~ in units 2 
through 5, while they remained be~ween 70 and 80 percen~ in ~he con-
trol. A~ the saae ~iae, the ~o~al solids con~ent of uni~s 2 through 
5 increased, up to approxilla~ely 5,000 ag/1, and solids had. ~o "be 
waa~ed from these uni~a in order to aain~ain the volatile portion 
near ~he 2, 000 ag/1 level. '!'his increase in total solids in the 
four chemically-fed uni~s was believed to be due in part to the 
preoipita~ed chemieal floc and in part ~o the grea~er s~ability of 
these units over ~he con~rol resul~ing from the addi~ion of chemicals. 
The aluminum content of the effluents froa ~he ac~ivated sludge 
units, reported in Table IV, varied considerably during ~he firs~ 
part of ~he study (froa less than 1 ra.g/1* 1n units 2 and J up to 
J2 mg/1 in uni~ 5). The da~a obtained in this part of ~he a~udy 
were erratic for all five uni~s. and for ~he aost part were auch 
greater than the "less than 1 mg/1" value reported by other re-
searchers (20). In an a.ttera.pt to deteraine the reason for the high 
aluainua values, fU tered and 11Dfil tered saaples were analysed on 
*Val11es lese than 1 ag/1 aluaill1il'IA o&l'Ulo~ be reliably de~erained by 
atomic absorption. 
Date Time 1 
days Total Volatile 
mg/1 mg/1 % of Total 
6/21/69 -23 1,120 
6/23/69 -21 1,680 
6/27/69 -17 2,040 
7/02/69 -12 2,210 
7/07/69 -7 2,550 1,800 71 
7/14/69 0 1,230 
7/16/69 2 2,670 
7/18/69 4 1,910 
7/21/69 7 1,990 
7/23/68 9 1,690 1,300 77 
7/25/69 11 1,870 1,450 78 
7/28/69 14 2,230 1,630 73 
7/30/69 16 2,260 1,740 77 
8/01/69 18 2,060 1,640 80 
8/04/69 21 1,970 1,540 78 
8/06/69 23 2,050 1,560 76 
8/08/69 25 1,800 1,460 81 
8/11/69 28 1,78o 1,430 80 
8/13/69 )0 1,790 1,380 77 
8/15/69 32 2,090 1,700 81 
8/18/69 35 1,920 1,490 78 
8/20/69 37 650 550 86 
8/22/69 39 950 610 64 
Table III 
ACfriVATED SLUDGE STUDY 
MIXED LIQUOR SUSPENDED SOLIDS 
Unit 
2 3 
Total Volatile Total Volatile 










3,720 2,28o 61 4,090 2,480 61 
3,760 2,140 57 4,080 2,440 60 
3,810 2,030 53 3,640 2,360 65 
4,230 2,220 52 4,480 2,460 55 
4,560 2,240 49 4,720 2,600 55 
5,130 2,740 54 - - -
5,190 2,650 51 5,290 2,820 53 
4,500 2,38o 53 4,430 2,270 51 
4,770 2,470 52 5,000 2,200 44 
4,630 2,320 50 4,560 2,380 52 
4,790 2,510 52 4,805 2,520 52 
4,230 2,120 50 3,980 2,010 51 
4,320 2,230 52 2,600 1,200 46 
3,400 1,700 50 4,310 2,04o 47 
4 
Total Volatile 










3,600 2,040 57 
3,500 2,000 57 
3,780 2,060 54 
- - -4,300 2,280 53 
5,020 2,580 51 
5,230 2,560 49 
4,360 2,190 50 
4,240 2,120 50 
4,530 2,110 47 
4,760 2,420 51 
4,960 1,880 38 
4,220 1,940 46 















































AC'l'IV ATED SLUIX;E STUDY 
INFLUENT AND EFFLUENT ALUMINUM CONCENTRATIONS 
Influent Effluent from Unit 
Time Wastewater 1 2 3 4 Date 
days Aluainum, mi,71 
Dis- Dis- Dis- Dis- Dis-
Total solved Total solved Total solved Total solved Tota.l solved Total 
6/26/69 -18 2.0 3.5 <1 <1 5.0 6.0 
7/1?/69 3 6.5 1,0 5.0 1 5.0 9.0 
7/22/69 8 11,0 7.0 2.5 1.4 20.0 11.5 
7/24/69 10 )4,0 3.0 1,4 2,0 1.4 32.0 
7/26/69 12 20,0 3.5 2,0 2.5 5.o 4.0 
7/29/69 15 3.5 3.0 6.5 4,0 9.0 13.0 
7/31/69 17 12,0 1.7 9.0 1.5 9.0 13,0 
8/02/69 19 9.0 5.0 1,0 5.0 6.5 6.5 
8/05/69 22 2.5 1,0 6.5 <1 10,0 <1 8,0 <1 7.0 <1 4.5 
8/07/69 24 18.0 1,0 10,0 4.0 17.0 17.0 
8/09/69 26 16.0 1.0 3.0 10,0 ),0 2.5 
8/12/69 29 10,0 1,0 2.5 4.0 5.o <1 1,0 3.0 6,0 1,0 11.0 
8/14/69 31 5.0 2.7 <:1 8.5 4.5 7.0 3.8 2.0 7.5 8.5 12.0 
8/16/69 33 30.0 ;.o 20.0 7.2 13.5 2.0 2.2 5.o 23.0 25.5 23.5 
8/19/69 36 1.5 12.7 7.0 4,0 8,0 6.5 1.5 4,0 11.5 4.0 26.0 
8/21/69 38 <1 3.0 <1 <1 2.5 
8/23/69 40 11.0 2.5 13,0 3.0 7.0 5.o ?.0 2.5 5.o 3.0 24,0 
8/25/69 42 8,0 6.0 16,0 4.0 6,0 <1 * <1* <1 * <1 * <1* 
---
*Same sample usedl however, during preparation by autoclaving (see p, 25) the test tube was 
















the 22nd day of operation; all filtered samples tested contained less 
than 1 mg/1 dissolved aluminum, except the influent which contained 
1.0 mg/1. Since these values were in the range reported by Barth 
and Ettinger (20), it was concluded that the high aluainua values 
were due to alWRinum floc carry-over; therefore, both total and 
dissolved aluminum was determined in the remainder of the study. 
However, the filtered samples also began to show increased and 
erratic aluminWll concentrations. In a. further attempt to isolate 
the difficulty, duplicate sample sets were tested, and during the 
autoclaving process one sample set was covered with glass beakers, 
while the other set wa.s covered with the usual aluminum cap (see 
P• 25 for the aluminum test procedure). The results of this test 
are reported in Table IV (day 42). All saaples that were prepared 
with the glass beakers contained less than 1 mg/1 aluminum, indicating 
that aluminWil was being released from the metal caps into the test 
sample, thereby giving erroneous results. 
In an effort to determine the relative aagnitude of the error 
caused by the release of aluminum from the caps, several duplicate 
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sets of samples were prepared and covered with either aluminum or 
plastic caps. The results are given in Table v. Samples of deionized 
water covered with plastic caps contained less than 1 mg/1 aluminum, 
while those covered with aluminum caps contained an average of 3.2 mg/1. 
Effluent samples from the activated sludge units and samples of super-
natant from the digesters were also found to contain much higher 
aluminum concentrations when metal caps were used. These findings 
would indicate that the aluminum data obtained for the effluents of 
the activated sludge units and the supernatants from the digesters 
I 
Table V 
IV ALUATION OF ALUMINUM TEST PROCEDURE 
Type of Sample 
Activated Sludge Digester Digester 
Deionized Vater lffluent Supernatant Feed Sludge Digester Sludge 
Teat Type of Cap Used* 
AlUJRinUJft Plastic AlainUJR Plastic Alumina Plastic AlUIIinUBl Plastic AlWilinUJil Plastic 
AlWilinwa, mg/1 
1 4.0 <1 7.0 1.0 17.0 2.0 1,730 1,760 2,050 2,045 
2 2.0 <1 5.0 1.0 16.0 2.0 1,760 1,76o 2,090 2,160 
3 2.0 <1 2.0 1.0 12.0 2.0 1,730 1,76o 2,050 2,120 
4 6.o <1 3.5 ).0 2.0 1,730 
5 2.0 <1 6.0 29.0 2.0 1,690 
Ave~ 3.2 <1 4.7 1.0 15.4 2.0 1,728 1,760 2,063 2,108 Value 
~-~ 
*To cover the teat tube containing the sample and hydrochloric acid during autoclaving (see p. 25). 
U\ 
~ 
were not valid; however, from the limited saaples that were tested 
without an aluminUJD. cap (Tables IV and V), it would appear that the 
aluminua concentration in the effluents froa the activated sludge 
units was less than 1 •g/1, and that the aluminum content of the 
digester supernatants was also very low and in the neighborhood of 
2.0 mg/1. 
The aluminum content of the feed sludge and digester sludge was 
also dete1'11lined using the saae saaple preparation. The average 
aluminum concentrations in the feed sludge were 1,?28 and 1,760 mg/1 
and in the digester sludge 2,063 and 2,108 mg/1 for the saaples that 
were cove red with the aluminWD and plastic cape, respectively. The 
difference in the values obtained for the saae samples in this test 
was within the realm of experillental error at the high aluminum con-
centrations encountered in the sludges; therefore, the alwainwa data 
obtained from the feed and digester sludges, which are presented 
later in this section, were considered to be valid. 
B. ANAEROBIC DIGESTION STUDY 
Five anaerobic digestion units were operated in order to de-
termine the fate of chemically-bound phosphorus during anaerobic 
digestion, and to evaluate the effect of aluminum on the digestion 
process. 
The units were fed with a mixture consisting of 30 percent pri-
mary sludge from the Rolla trickling filter plant and ?O percent 
secondary sludge from the activated sludge pilot plants. Digester 
unit 1 served as a control and was fed sludge from activated sludge 
unit 1; while digester units 2 through 5 received sludge from the 
corresponding activated sludge plants. The procedure employed 
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in starting the five digesters, together with data on gas production 
by the units and operational problems encountered during the start-
ing period, are outlined in detail in Table VI. 
The total phosphorus content of the feed and digester sludges, 
and the total phosphorus concentration in the digester supernatants 
are presented in Table VII and plotted in Figures 8 through 10. 
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The concentration of phosphorus in the digester feed sludge (Figure 8) 
and the digester sludge (Figure 9) of units 2 through 5 increased 
quite rapidly after the addition of chemicals to the activated 
sludge aeration chambers began. This is in direct agreement with 
the decreased phosphorus content of the corresponding activated 
sludge effluents. The phosphorus in the feed sludge and digester 
sludge of unit 4 was consistently higher than that in the other 
three units, and this was attributed to the better settling charac-
teristics of activated sludge unit 4. There was a sharp decrease 
in the phosphorus content of all the feed sludges (Figure 8) on the 
10th day, except that only a slight decrease was observed in the 
control feed whose phosphorus content remained relatively constant 
for the entire test period. The maximum phosphorus concentration 
in the feed sludges was reached for all units, except for the con-
trol, sometime between the 28th and 30th day of operation with 933, 
750, 1,200, and 800 mg/1 P being the maximum values measured in the 
sludge mixtures which were fed to units 2 through 5, respectively. 
The amount of phosphorus present in the controlfeed sludge remained 
relatively constant throughout the study, ranging from 74 to 185 mg/1 P. 
There waa a steady build up of phosphorus (Figure 9) in the 
digester sludge of the four units that received feed fro• the activated 
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Table VI 
START-UP OF ANAEROBIC DIGESTERS 
Tiae Unit Date Feed Sludge 1 I 2 J I 4 I 5 days Coaposition 
Gas Produced, al/day 
6/14/69 -30 Each unit seeded with 2 1 of actively digesting sludge frQa 
a digester at the Rolla trickling filter plant. 
6/15/69 -29 550 700 500 650 500 6/16/69 -28 1,310 1,350 970 1,180 1,000 
6/17/69 -27 100% primary sludge 820 1,110 940 990 1,300 6/18/69 -26 from trickling 1,300 1,490 1,340 1,070 920 6/19/69 -25 filter plant 1,130 1,040 1,070 1,030 910 6/20/69 -24 1,360 1,66o 1,390 1,4oo 1,)40 
6/22/69* -22 1,150 1,24o 1,:no 1,200 1,220 
6/23/69 -21 1,060 1,370 1,74o 1,350 1,220 
6/24/69 -20 1,070 1,080 1,400 1,230 1,210 
6/25/69 -19 590 760 1,930 1,030 890 
6/26/69 -18 5o% primary sludge and 810 560 780 6oo 700 
6/27/69 -17 5o% secondary sludge from 810 850 920 1,120 1,090 
6/28/69 -16 pilot plants 400 360 400 270 420 
6/30/69* -14 580 66o 560 500 620 
7/02/69* -12 100% secondary sludge 540 24o 460 400 350 7/03/69 -11 350 330 390 370 340 
~~~~~~9 -10 50% primary-50% secondary 440 410 44o 44o 430 7 05 69 -9 450 46o 34o 44o 340 
7/06/69 -8 Because of rising sludge problems, units eaptied and reseeded 
with sludge from a digester at the Rolla activated sludge 
7/07/69 -7 
plant. 
Rising sludge reencountered; units eaptied and reseeded with 
sludge from the digester at the trickling filter plant. 
7/08/69 -6 100% primary sludge 820 650 4,210 750 440 
Digester contents combined, mixed, and equally distributed. 
7/o9/69 -5 100% primary sludge 490 430 1,560 430 310 
Digester contents combined, aixed, and equally distributed. 
7/10/69 -4 No feed 340 10 0 10 0 
Digesters reseeded with sludge from the trickling filter plant 
7/12/69* -2 ~ primary-20% secondary 1,060 920 920 950 820 
7/15/69* 1 60% " 40% .. 1,160 1,050 1,140 1,130 1,010 
7/17/69* 3 50% .. 50% II 900 Boo 870 780 950 
7/19/69* 5 25% .. 75% " 880 980 960 1,080 880 
7/22/69* 8 50% " 5o% " 320 460 450 470 4oo 
7/24/69* 10 30% " 7o% " 820 6oo 890 720 840 
Feed sludge maintained at 30% prima.ry-70% secondary during the 
reaainder of the stud7. 
*Two or three-day average. 
Table VII 
FATE OF PHOSPHORUS AND ALUMINUM DURING ANAEROBIC DIGESTION 
Digester Feed Sludge 
Unit 
' 1 2 3 4 
Date TiJRe Tot&l Phosphorus or Aluminum, rag/1 days 
p A1 p A1 p A1 p A1 
6/24/69 -20 73 83 118 110 
6/26/69 -18 72 128 104 100 
6/28/69 . -16 ?6 94 88 84 
7/17-18/69* 3-4 74 21 96 24 106 25 96 28 
7/21-22/69 7-8 
- 33 - 102 - 54 - 74 7/23-24/69 9-10 120 216 492 612 340 765 492 819 
7/25-26/69 11-12 90 180 245 585 230 495 300 747 
7/28-29/69 14-15 185 380 450 1,125 625 900 795 1,225 
7/30-31/69 16-1? 16o 139 ?00 1,206 540 927 840 1,179 
8/01-o2/69 18-19 150 99 ?60 1,053 530 936 800 1,260 
8/04-05/69 21-22 110 342 820 1,296 580 972 770 1,296 
8/06-07/69 2)-24 120 126 110 1,042 6oo 900 750 936 
8/08-09/69 25-26 117 72 8:33 1,010 717 666 1,082 1,170 
8/11-12/69 28-29 125 144 91? 1,26o ?50 95.5 1,200 1,?28 
8/13-14/69 30-31 133 91 933 1,080 ?J4 864 1,200 1,620 
8/15-16/69 32-33 
-
72 - 720 - 828 - 1,270 
8/18-19/69 35-36 140 72 584 ?56 633 738 950 1,290 
8/20-21/69 3?-38 140 32 484 482 650 648 966 962 
8/22-23/69 39-4o 100 96 483 930 633 1,055 949 2,310 
















































Table VII (continued) 
FATE OF PHOSPHORUS AND ALUMINUM DURING ANAEROBIC DIGESTION 
Digester Sludge 
Unit 
1 2 3 4 
Tota.l Phosphorus or Aluminu, mg/1 
p Al p Al p Al p Al 
418 728 454 102 396 - 410 660 
560 520 520 560 530 640 550 600 
490 
- 535 - 535 - 530 -
550 496 530 512 410 496 520 468 
420 616 540 584 490 672 480 456 
420 592 580 6)2 520 568 500 508 
420 414 675 567 520 .549 600 .549 
440 .540 670 720 6oo 801 680 819 
470 477 760 900 630 801 450 801 
400 468 960 1,138 690 1,107 900 1,143 
370 513 910 1,350 690 1,017 800 1,016 
470 585 1,040 1,314 900 1,206 1,180 1,440 
390 450 960 1,1.52 890 973 1,080 1,080 
400 447 1,100 1,115 900 1,115 1,200 1,405 
420 280 1,200 1,205 1,000 1,145 1,318 1,242 




1,475 1,200 1,302 1,418 1,420 
380 378 1,282 1,.548 1,167 1,260 1,582 1,910 
383 417 1,300 1,)48 1,167 1,187 1,650 1,795 














































Table VII (continued) 
FATE OF PHOSPHORUS AND ALUMINUM DURING ANAEROBIC DIGESTION 
Digester Supernatant 
Unit 
Time 1 2 3 4 
! 
Date 
days Total Phosphorus or Aluminum, mg/1 
p Al p Al p Al p 
6/25/69 -19 6) 10 70 43 73 7 75 
6/27/69 -17 56 15 64 10 56 19 64 






7/15/69 1 54 10 40 11 45 12 44 
7/17/69 3 50 7 46 7 52 16 46 
7/22/69 8 48 12 )6 6 34 25 48 
7/24/69 10 40 24 20 18 32 10 32 
7/26/69 12 40 28 16 24 16 12 20 
7/29/69 15 40 5 22 12 24 17 18 
7/31/69 17 30 6 16 20 18 9 16 
8/02/69 19 44 24 16 20 14 21 18 
8/05/69 22 44 13 18 11 24 25 16 
8/07/69 24 36 4 14 12 16 10 14 
8/09/69 26 44 43 14 10 14 18 16 
8/12/69 29 45 9 16 15 16 10 16 
8/14/69 31 42 5 12 9 14 7 12 
8/16/69 33 56 24 10 30 14 22 10 
8/19/69 36 43 11 10 18 11 17 9 
8/21/69 38 23 6 5 5 7 8 6 
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61 
sludge units to which cbemica:Ls had been added. Digesters 2 through 5 
were relatively similar as to phosphorus concentration with no major 
difference noted between the units receiving the alua sludge and 
those receiving the sodiUil a:LWilina.te sludge. The phosphorus content 
of these units continued to increase up to the end of the study, ex-
cept that a sharp drop in phosphorus was noted in unit 4 on the 15th 
~ of operation; because a siailar decrease was not experienced with 
the other three digesters, this low va:Lue was felt to haTe resulted 
from a saapling error. The sludge in the control digester remained 
relatively low in phosphorus; it ranged froa :no to 550 mg/1 p and 
averaged 414 mg/1 P. Average phosphorus values of 1,000, 909, 1,090, 
and 909 ag/1 P were measured in units 2 through 5, respectively, and 
the maxialiJI phosphorus content of these units ranged from 1,268 to 
1, 650 mg/1 P. These va:Lues are much higher than the data reported 
by some investigators, yet lower than those measured by others. 
Barth and Ettinger (20) have reported only one Yalue of 480 ag/1 P, 
while Zenz and PiYnicka (22) have measured total phosphorus values 
in the digester sludge that ranged froa 914 to 1,580 mg/1 P in a 
control digester and from 1,860 to 2,984 ag/1 P in an alua-fed di-
gester; the actual increase over the control digester reported by 
Zenz and Pivnicka was about 1,100 mg/1 P which is in the ranse of a 
678 to 1,130 ag/1 P obtained in this study. 
While the phosphorus content of the digester sludge in units 2 
through 5 vas increasing, the phosphorus concentration in the super-
llataat froa these 101its was deoreasiag (Figure 10) froa aa initial 
leYel of areu4l 45 mg/1 P to about 7 to 10 ag/1 P &Yeraging approxi-
mately 18 as/1 Pa the :phosphorus 1n the control uit sltpematan.t 
averaged 40 mg/1 P • A decrease in the phosphorus content of the 
supernatants from digesters fed with sludge containing chemically-
precipitated phosphorus has been noted by several investigators. 
Barth and Ettinger (20) have reported a phosphorus concentration of 
10 mg/1 P in the digester supernatant which compares favorably with 
the findings in this study; and even though at 60 mg/1 P the phos-
phorus content of the supernatant reported by Barth, et al. (23) 
62 
was much higher, the percentage decrease was about the same (slightly 
over 50 percent) as that observed in the present study. According to 
Eberhardt and Nesbitt (21), this reduction in phosphorus concentration 
has been attributed by Thomas (29) to the presence of unreaeted metal 
in the digester which precipitates biologically-released phosphorus 
from the primary sludge and thus reduces the phosphorus content of 
the digester supernatant. 
The total aluminua content of the feed and digester sludges, 
and the total alttainum concentration in the digester supernatants 
are presented in Table VII; aluminum data for the feed and digester 
sludges are also plotted in Figures 11 and 12. Following the ad-
dition of chemicals, there was a significant increase in the aluminum 
content of the feed sludge of digesters 2 through 5 (Figure 11). 
The amount of aluminum added to the activated sludge units was in-
creased on the 2nd, 2Jrd, and 28th days, and decreased on the 35th 
day as shown in Table II (p. 39-42); however, these were notre-
flected in the aluminWil content of the feed sludge. As the aluminua 
concentration in the feed sludge of units 2 through 5 increased, the 
aluainum content of the digester sludge for the corresponding digesters 
alao increased, and vaa considerably higher than that of the control 
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digester (Figure 12). After the 26th day of operation, the feed and 
digester sludge of unit 4 were consistently higher in aluainua than 
those from the other units. This was due to the better settling 
characteristics of activated sludge unit 4 which almost always pro-
duced a better settling sludge and therefore had a higher solids 
concentration than the other units, resulting in a higher aluainua 
content. The alwainum in the feed sludge decreased toward the end 
of the study, but the concentration of aluainua in the digester sludge 
continued to increase, and an upward trend in concentration waa still 
evident at the end of the study. The total aluainua content of the 
control digester varied around 4oO ag/l throughout the study, while 
in the other units the aluainua increased froa about 550 ag/1 on the 
lOth day to between 1,400 and 2,000 ag/l by the end of the test period. 
There did not seea to be any significant difference as to the alwainua 
content between the units receiving alua and those receiving sodium 
aluminate, as evidenced by comparing units 2 and 3 to units 4 and 5. 
Aluminum data for the digester supernatants have not been plotted 
because it was found that aluainum released froa aetal caps eaployed 
during the preparation of the saaples for analysis significantly 
increased the aluminum content of the sample (Table V, P• 51). How-
ever, from the limited data available it would appear that the total 
aluminum concentration in the digester supernatants was very low, 
in the neighborhood of 2 •g/l (p • .52). AlwainUJA released froa the 
metal caps was not found to have an effect on the concentrations 
measured in the feed and digester sludges where aluainllll was present 
at much higher levels. 
The overall performance of the five anaerobic digesters was 
also evaluated in order to determine any effect that aluminum aight 
have had on the digestion process. Several control parameters were 
employed for this purpose, and the results are given in Table VIII. 
The solids in the digester feed sludge were not determined dur-
ing the first part of the study because the digesters were not yet 
receiving the final proportion of primary and secondary sludge (J0/70 
percent). After testing had been initiated, it was found that the 
total solids in the feed sludge varied considerably between the dif-
ferent units; they were lowest in the control unit and highest in 
unit 4. The feed sludges containing aluminum were higher in both 
total and volatile solids than the control; however, the percentage 
of volatile solids was much higher in the control unit. Volatile 
solids in the control unit averaged 67 percent during the study, 
whereas volatile solids in units 2 through 5 averaged only 56, 57, 
54, and 53 percent, respectively. 
Several days after the aajcr data collection period had begun, 
weekly measureaents of the digester solids were started to evaluate 
the reduction of organic matter by the digesters. The fraction of 
volatile solids in the digester sludge in all units vas approximately 
50 percent which is in the range of 40 to 60 percent reported in the 
literature (41) for digester sludge; however, since the volatile 
fraction in the feed solids to units 2 through 5 was much lower 
than that of the control feed sludge, the reduction of organic matter 
in these digesters vas saall. 
66 
Since volatile acids are considered to be one of the aajor con-
trol parameters for anaerobic digestion (40), a graphical presentation 
I 
Table VIII 
EFFECT OF ALUMINUM ON ANAEROBIC DIGESTION 
Unit 1 - Control 
Volatile Acids Gas Alkalinity Feed Solids Sludge Solids 
Time mg/1 Produced mg/1 Volatile Volatile Date Total days as rtl/day* as Total mg/1 % of mg/1 %of 
CH3COOH mg/1 mg/1 caeo3 Total Total 
?/10/69 -4 237 0 2,150 
7/12/69 -2 137 1,060 1,910 
7/15/69** 1 151 1,160 1,800 
7/17/69 3 166 900 2,025 
7/19/69 5 156 880 1,875 
7/22/69 8 120 )20 -
7/24/69 10 127 820 1,870 
7/26/69 12 116 700 1,780 
7/28-29/69 14-1_5# 111 700 1,590 10,280 5,860 57 
7/30-31/69 16-17 112 710 1,550 13,780 ?,980 58 
8/01-02/69 18-1r/# 119 580 1,510 ?.64o 5.380 70 
8/04-05/69 21-22 103 420 1,410 1?,680 11,920 68 41,880 20,400 49 
8/06-07/69 23-24 107 46o 1,370 s,o6o 5.46o 68 
8/08-09/69 25-26 94 370 1,390 8,64o 5,620 65 36,840 18,140 49 
8/11-12/69 28-29 101 560 1,355 10,140 ?,380 73 
8/13-14/69 30-31 114 580 1,330 10,980 7,840 72 
8/15-16/69 32-33 101 660 1,355 8,680 6,060 70 36,040 18,400 51 
8/18-19/69 35-36 93 540 1,125 9,56o 6,020 63 
8/20-21/69 37-38 137 .520 1,230 7,820 6,620 85 
8/22-23/69 39-40 103 440 1,))0 ?,920 5,280 67 )2,600 16,440 50 
*Two or three-day average. 
**Addition of chemical precipitants to activated sludge units 2 through 5 began on 7/14/69. 
#Feed and sludge solids checked on the first da¥• volatile acids and alkalinity checked on the second day. 
##nigeater volume increased to 3 1. 
0\ 
'""' 
Table VIII (continued) 
D'IJSCT OF ALUMINUM OM ANAEROBIC DIGESTION 
Unit 2 - Alua Feed 
Volatile Acida Gu Alkalinity Feed Solicla Sludge Solids 
Date TiM ag/1 ag/1 Velatile Volatile Pred.uced Total Total day a &8 al/U.y* aa ag/1 %of ag/1 % of CH)COOH CaC03 ag/1 Total ag/1 Total 
?/10/69 -4 2)7 0 2,1.50 
7/12/69 -2 127 920 2,150 




?/19/69 5 162 980 1,920 
7/22/69 8 127 46o 
-
! 
7/24/69 10 120 600 1,8.50 
7/26/69 12 95 ?60 1,890 
7/28-29/69 14-ts# 85 870 1,66o 15,64o 8,960 57 
7/)0-)1/69 16-17 73 510 1,64o 21,240 11,520 54 
8/01-02/69 18-1rfl# 71 480 1,580 14,740 8,580 58 
8/04-05/69 21-22 71 450 1,500 19,?60 10,960 55 4),64o 20,66o 46 
8/06-07/69 23-24 58 420 1,515 17,100 9,400 55 
8/08-09/69 25-26 49 420 1,520 17,740 9,.500 54 )6,880 18,400 50 8/11-12/69 28-29 46 64o 1,500 20,080 11,260 56 
8/1)-14/69 30-31 47 6?0 1,490 21,500 12,16o 57 
8/15-16/69 32-33 46 720 1,500 17,840 9,720 55 47,440 24,420 51 8/18-19/69 35-36 41 660 1,150 14,880 8,4oo 51 
8/20-21/69 37-38 56 540 1,26o 12,180 7,180 59 
8/22-23/69 39-40 71 460 1,270 12,420 7,060 58 )6,060 16,)00 53 
*Two or three-day average. 
**Addition of cheaical precipitants to activated sludge unita 2 through 5 began on ?/14/69. 
#Feed and alud~ solids checked on the firat day, volatile acids and alkalinity checked on the second day. 
llniseater voluae increased to 3 1. 
(7\ 
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Table VIII (continued) 
EFFECT OF ALUMINUM ON ANAEROBIC DIGESTION 
Unit 3 - Alua Feed 
Volatile Acida Gas Alkalinity Feed Solids Sludge Solids 
Date Tiae ag/1 Produced mg/1 Volatile Volatile Total Total day a aa al./day* as mg/1 %of mg/1 %of mg/1 mg/1 C~COOH caco3 Total Total 
?/10/69 -4 237 0 2,150 
7/12/69 -2 165 920 2,000 
?/15/69** 1 164 1,140 1,8?5 
?/1?/69 3 147 8?0 1,850 
?/19/69 5 204 960 1,?60 
7/22/69 8 138 450 
-
7/24/69 10 111 890 1,800 
7/26/69 12 91 ?4o 1,?30 
7/28-29/69 14-1;-# 85 950 1,665 9,620 5.390 56 
7/30-31/69 16-17 80 720 1,520 19,160 10,280 54 
8/01-02/69 18-19"# 63 680 1,560 13,160 ?,780 59 
8/04-05/69 21-22 ?0 490 1,490 1?,980 10,160 57 45,320 21,500 47 
8/06-0?/69 23-24 9.5 480 1,510 14,020 8,040 57 
8/08-09/69 25-26 54 510 1,510 16,180 9,040 56 41,140 20,240 49 
8/11-12/69 28-29 4-? ?4o 1,500 18,040 10,440 58 
8/13-14/69 30-31 82 800 1,490 13,540 ?,?00 57 
8/1.5-16/69 32-:n 4? 700 1,500 18,400 10,700 58 53.56o 30,680 57 
8/18-19/69 35-36 47 650 1,190 15,380 8,?80 51 
8/20-21/69 3?-38 112 56o 1,300 15,o40 8,620 57 
8/22-23/69 )9-40 64 420 1,330 15,220 8,280 55 34,?00 16,600 48 
*Two or three-day average. 
**Addition of chemical precipitants to activated sludge units 2 through 5 began on ?/14/69. 
#reed and sludge solids checked on the firat day, volatile acids and alkalinity checked on the second day. 
*'oi,eater volume increased to 3 1. "' \() 
Table VIII (continued) 
EFFECT OF ALUMINUM ON ANAEROBIC DIGESTION 
Unit 4 - Sed.iu Aluinate Feed 
Volatile Acids Gas Alkalinity Feed Solids Sludge Solids 
Date Tille mg/l mg/1 Volatile Volatile Produced Total Total days &8 
al./day* as mg/1 mg/1 %of mg/1 ag/1 %of CH3COOH caco3 Tot&l Total 
7/10/69 -4 237 0 2,150 
7/12/69 -2 137 950 2,000 
7/15/69** 1 162 1,130 1,800 
7/17/69 3 181 780 1,800 
7/19/69 5 127 1,080 1,950 
7/22/69 8 122 470 
-
7/24/69 10 110 720 1,830 
7/26/69 12 103 760 1,820 
7/28-29/69 14-1.5* 92 820 1,770 22,880 12,660 55 
7/30-31/69 16-17 115 780 1,730 25,760 1),200 51 
8/01-02/69 18-1~ 80 760 1,610 16,980 9,720 57 
8/04-05/69 21-22 73 470 1,680 20,140 10,700 53 40,920 19,680 48 
8/o6-o7/69 23-24 60 450 1,680 17,120 9,440 55 
8/08-09/69 25-26 54 660 1,690 21,680 10,940 50 40,960 19,660 48 
8/11-12/69 28-29 40 920 1,670 26,140 13,760 53 
8/13-14/69 30-31 86 870 1,680 27,660 15,06o 54 
8/15-16/69 32-33 40 790 1,670 18,)60 9,960 54 53.900 28,36o 52 
8/18-19/69 35-36 41 780 1,415 21,100 11,540 55 
8/20-21/69 37-38 61 720 1,510 21,000 11,26o 54 
8/22-23/69 39-40 53 500 1,560 21,940 11,900 54 )6,26o 16,500 46 
*Two or three-day average. 
**Addition of chemical precipitants to activated sludge units 2 through 5 began on 7/14/69. 
#reed and sludge solids checked on the first day, volatile acids and alkalinity checked on the second day. ~ 
l#nigeater volume increased to 3 1. 
Table VIII (continued) 
EFFECT OF ALUMINUM ON ANAEROBIC DIGESTION 
Unit 5 - Sodium Aluminate Feed 
-------
-
Volatile Acids Gas Alkalinity Feed Solids Sludge Solids 
Time mg/1 Produced mg/1 Volatile Vola. tile Da.te Total Total as 111/day* as mg/1 % of mg/1 % of days mg/l mg/1 CH3COOH caeo3 Total Total 
7/10/69 -4 237 0 2,150 
7/12/69 -2 144 820 1,850 
l 7/15/69** 1 179 1,010 2,075 
7/17/69 3 136 950 1,850 
7/19/69 5 157 880 1,880 
7/22/69 8 158 400 -
7/24/69 10 163 840 1,820 
7/26/69 12 102 680 1,790 
7/28-29/69 14-l.s# 100 690 1,700 20,740 11,)20 55 
7/30-31/69 16-17 121 740 1,680 20,280 10,220 50 
8/01-o2/69 18-19"# 116 540 1,620 14,220 8,040 56 
8/04-05/69 21-22 84 440 1,500 15,180 8,520 56 44,080 20,840 47 
8/06-07/69 23-24 56 390 1,610 15,360 7,840 51 
8/08-09/69 25-26 66 540 1,605 15,620 8,660 55 40,800 19,420 48 
8/11-12/69 28-29 59 660 1,600 17,04o 9,160 .54 
8/13-14/69 30-31 167 720 1,810 21,460 10,480 49 
8/15-16/69 32-33 59 690 1,600 24,100 12,900 49 52,56o 27,960 53 
8/18-19/69 35-36 1.54 660 - 1),76o 7.56o 55 
8/20-21/69 37-38 47 620 1,400 13,960 7,660 55 
8/22-23/69 39-40 61 500 1,400 15,900 8,420 53 37,200 16,720 45 
-
*Two or three-day average. 
**Addition of chemical precipitants to activated sludge units 2 through 5 began on 7/14/69. 
#Feed and sludge solids checked on the first day, volatile acids and alkalinity checked on the second day, 
##Digester volume increased to 3 l. 
.....:! ,... 
of this parameter was made and is shown in Figure 1). For the major 
part of the study, the volatile acids concentration in the control 
digester was higher than that in the other four units, and the volatile 
acid content of all units decreased until approximately the 26th day 
of operation, when it seemed to level-off. The decrease in unit 1 can 
be attributed to the low organic loading experienced during the study 
(see Table I, P• J6). The additional decrease observed in units 2 
through 5 was felt to be due to the method used for volatile acids 
determinations. The test procedure developed by DiLallo and Albert-
son (J8) employed in the study is subject to interference by base 
alkalinity, which is contributed mostly by the phosphate ion and 
does not change unless there is a drastic change in the feed sludge. 
Since the phosphorus content of the digester supernatant froa units 2 
through 5 decreased as shown in Figure 10 (p. 60), there was less 
interference from the phosphate ion, and therefore lower readings 
were obtained in the digesters that received chemical sludge con-
taining aluminum. There was considerable variation in the acids 
content of all the units throughout the st•dy. The aost pronounced 
of these was in unit 5 where there were fluctuations of considerable 
magnitude during the last 10 days. These high values can probably 
be attributed to experimental error since large fluctuation in acids 
content was noted only in this digester. The procedure employed for 
the measurement of volatile acids also enabled the determination of 
the alkalinity present in the digester supernatants and the values 
obtained are shown in Table VIII. 
Gaa production is also considered to be a major control para-
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amount of gas produced by the digesters was measured and is presented 
in Table VIII. There was a steady decrease in the volume of gas pro-
duced by all units as the proportion of primary sludge in the feed 
decreased (Table VI, P• 54); however, after the final feed coaposition 
had been achieved, gas production stabilized and showed only normal 
daily variations. As the decreasing trend began to level-off, it 
became apparent that the digesters did not have the gas production 
expected of a normal high-rate digester (approxiaately one liter of 
gas per liter of digester contents). Since the volatile acids and 
gas production of the control unit were also at a low level, the 
increased aluminum concentration 1n the sludge fed to units 2 through 
5 was not considered to be a factor in creating the low gaa production. 
An exaaination of the feed sludge to the digesters revealed that the 
organic load was considerably lower than the 0.1 to 0.2 lb/cu ft/day 
recommended for high-rate digesters (J1, P• 252)r in fact, the labora-
tory digesters were receiving approxiaately one-third the noraal load-
ing rate (Table I) which coapared favorably with the gas production 
which was also about one-third of that expected for a high-rate 
digester. The exact reason for this low organic loading could not 
be determinedr however, it is speculated that the detention time in 
the activated sludge aeration chambers (5 to 5t hr), coupled with the 
vigorous aeration required to maintain the mixed liquor suspended 
solids in suspension, may have caused the biodegradable organic matter 
to be oxidized so completely that the feed sludge to the digesters 
was low in organic material that could actually be utilized by the 
bacteria. 
Several analyses of the digester gases were made throughout the 
study using a Fisher-Hamilton gas partitioner and a typical chromato-
gram for each unit is shown in Figure 14 along with a chromatogram 
of the gas from the digester at the Rolla trickling filter plant. 
75 
The chromatograms for the five units indicate that there vas no 
significant difference between the composition of the gas obtained 
from the laboratory control digester and that of the gases collected 
from the other four units; all five units had approximately the same 
amount of methane and carbon dioxide. However, by comparing the 
chromatograas of the gases from the five units with the chroaatograa 
of the gas from the Rolla digester, it was noted that these gases 
contained a slight amount of oxygen and a large amount of nitrogen 
that was not present in the gas from the Rolla plant. It is believed 
that these two gases entered the laboratory digesters each day when 
they were opened for feeding, and since the volume of gas produced by 
the digesters did not equal the volume of space above the digesting 
sludge, the oxygen and nitrogen that entered the digester were not 
completely displaced and were present in the gas samples taken from 
the gas exhaust tube at the top of the digester. 
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Figure 14 






































An evaluation of the results obtained in this study would indi-
cate that the addition of alu and sodiua alwainate to the activated 
sludge aeration chaaber effectively reaoved phosphorus froa doaestic 
wastewater without adversely affecting the aerobic process. The 
precipitated phosphorus, which was incorporated in the sludge ayatea, 
reaained in the sludge and was not released to the digester super-
natant during anaerobic digestion. In addition, the high coacen-
tration of the aluainua ion in the digester sludge produced no 
detrimental effects on the anaerobic process. Average values of 
the experiaental data pertaining to this investigation are suaaarised 
in Table IX. 
This investigation has shown that the high phosphorus reaovala 
that have been obtained in laboratory activated sludge units could 
not alw&Js be effected under the widely varying conditions that 
existed in the field. The addition of alua and sodiua aluainate to 
the aeration chamber caused a sharp decrease in the phosphorus con-
tent of the effluents from the four chemically-fed units to about 
1 ag/1 P; however, this low residual could not be aaintained, and 
for aost of the study the residual phosphorus concentration ranged 
bet ween 1 and ) ag/1 P. In a siail.&r laboratory investigation, 
Vedder ( 18) reported that residual phosphorus was consistently sus-
tained at approxiaately 1 ag/1 P. An increase in the aluainwa feed 
generally produced slightly lower phosphorus residuals, and the 
most consistently low residuals occurred when the Al/P ratio was 
near the optialUI values of 1.:3 for alua and 1.9 for sod.iua aluainate 
reported by Vedder, although this was not always true. There was 
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Table IX 
AVERAGE VALUES OF EXPERIMENTAL DATA 
Unit 
1 I 2 I 3 I 
Characteristic Chemical Precipitant 
Control I Alum I 
Activated Sludge Studies* 
.Effluent** Total Phosphorus, mg/1 8.2 1.8 1.6 
Effluent** COD, mg/1 27 19 26 
Anaerobic Digestion Studies* 
Total Phosphorus, mg/1 
Feed Sludge 130 6.52 582 
Digester Sludge 414 1,000 909 
Digester Supernatant 40 16 18 
Total AluminUil, mg/1 
Feed Sludge 151 823 7)6 
Digester Sludge 460 1,110 1,000 
Volatile Acids, mg/l as CH3COOH 119 81 94 
Gas Produced, al/day 590 620 680 
*For data on average operating conditions see Table I, p. )6. 
**Influent wastewater contained 10.5 mg/1 total phosphorus and 287 mg/1 COD. 














very little rain in the Rolla area from the 18th to the )2nd day, and 
a continuously high concentration of influent phosphorus (12 to 14 ag/1 P) 
was experienced. It was during this period that the highest percentages 
of phosphorus removal were aaintained, strengthening an earlier con-
clusion by Vedder that a higher percentage of phosphorus would be re-
aoved when the influent concentration is high. This also aakes it 
increasingly evident that the residual concentration is paramount and 
not the percentage that is removed. The phosphorus residuals during 
this tiae were also low, with the exception of unit 5 which experienced 
a deterioration of the aluainum floc froa the 21st through the 28th 
day resulting in increased phosphorus concentrations in the effluent. 
However, the high effluent phosphorus concentrations (19.6 to 38.8 
mg/1 P04 or 6.4 to 12.7 ag/1 P) reported by Eberhardt and Nesbitt (21) 
when alua was added directly to the aeration chaaber, which were 
attributed to deterioration and carry-over of floc, were not ex-
perienced in this investigation. 
The addition of chemicals to the aeration chaaber had no notice-
able effect on the removal of chemical oxygen deaand, and except for 
a recurring rising sludge problem in the control unit and the eight 
days (21st through 28th) of cloudy effluent in unit 5, all five units 
produced effluents of excellent clarity and low COD. High COD re-
aovals were aaintained throughout the study with values in the range 
of 90 to 95 percent being coaaon. The COD of the unit 5 effluent 
was only slightly higher than those of the other units during the 
period when the effluent was ailky-white, which led to the conclusion 
that the problea was caused by aluminum floc carry-over. 
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The ad.di tion of allDl and sodiUJt alllllinate to the activated sludge 
units greatly increased the aao•nt of sludge produced. The solids 
content of the cheaically-fed units increased rapidly, while the solids 
in the control unit remained quite low throughout the study. In order 
to maintain the volatile portion of the solids near the desired 
2,000 ag/1 level, sludge was wasted froa the four chemically-fed 
units twice weekly. In addition to the greater production of sludge 
that was encountered, it was found that the volatile portion of the 
MLSS was reduced to about 50 percent of the total, aaking the MLVSS 
aore significant in controlling the units than the MLSS. The volatile 
fraction of the total solids reaained close to 80 percent in the con-
trol. The cost of treating the additional sludge produced could 
prove to be a aajor consideration in the precipitation of phosphorus 
by cheaical addition to the activated sludge aeration chaaber. How-
ever, when activated sludge froa the chemically-fed units aixed with 
primary sludge was anaerobically digested, there was little reduction 
in the volatile matter content; therefore, there exists the possi-
bility that digestion of the activated sludge froa these units aight 
not be necessary. Further work is required in this area in order to 
explore this possibility and deteraine the dewatering and offensive 
characteristics of the sludge. 
There was a steady increase in the phosphorus content of the di-
gester sludge after the addition of chemicals to the activated sludge 
aeration chaabers had begun, substantiating earlier reports (20,23) 
that cheaically-precipitated phosphorus waa not released during 
anaerobic cligeat.ion. Shortly after the cheaical feed had. been 
started to the :pilot plants, digesters 2 through 5 began to sa ow 
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increasingly higher values of phosphorus, while the phosphorus con-
tent of the control digester remained relatively constant. The phos-
phorus content of the sludge in these units was still increasing at 
the end of the study, indicating that an equilibriua between the in-
fluent phosphorus in the feed sludge and the effluent phosphorus taken 
out with the digested sludge and supernatant had not yet been reached. 
It was also noted that while the phosphorus content of the sludge in 
these digesters increased, the concentration of phosphorus in their 
supernatant decreased. Reduction in supernatant phosphort~ts has also 
been reported by Thomas (29) who attributed it to the reaction of un-
reacted metal with phosphorus released from the priaary sludge. This 
finding should remove any concern that previously precipitated phos-
phorus might be returned to the activated sludge aeration chaaber in 
excessive quantities with the digester supernatant, and thereby negate 
the effects of chemical precipitation. In addition, it enhances the 
validity of several receat laboratory investigations (18,20,21) in 
which chemicals were added to the aeration chaaber to precipitate 
phosphorus, but anaerobic digesters were not maintained and therefore 
digester supernatant was not returned. 
A steady increase was noted in the aluainua content of the 
digester sludge in units 2 through 5 following the initiation of 
cheaical dosing to the activated sludge pilot plants; however, no 
toxic effects were evident at aluainua concentrations up to 1,970 ag/1. 
The aluaiftua content of the four chemically-fed digesters was still 
increasing at the conclusion of the study after 2.6 detention tiaes, 
with no aajor 4ifference being observed between the gas production of 
these llllits and. that of the control. There was a decrease in gas 
production by all units at the beginning of the study which can be 
attributed to a low organic loading rather than to any toxic effect 
exerted by the aluminum ion; however, this does not completely rule 
out the possibility that higher aluminum concentrations might not 
have been toxic to the anaerobic bacteria. It is recognized that 
sludge is removed from a digester at frequent intervals, and conse-
quently much of the alumin.a would be removed along with the sludge; 
however, the trend toward higher aluminua concentrations in the di-
gester sludge even at the end of the study indicated that a plateau 
had not yet been reached and the possibility exists that much higher 
aluminum concentrations could have resulted, exerting a detriaental 
effect on anaerobic digestion. 
The low organic loading experienced in the digesters because of 
the particular character of the activated sludge feed caused the gas 
production to be low, and this in turn created another problea. The 
voluae of gas produced vas so low that the oxygen and nitrogen that 
entered the top of the digesters during feeding were not coapletely 
displaced, and consequently saaples taken for gas analysis contained 
these two elements which are not normally found in large quantities 
in an anaerobic digester. Gas from a well digesting sludge has been 
found to contain 25 to 35 percent carbon dioxide, and 65 to 75 percent 
methane, with small amounts of nitrogen, oxygen and other gases 
(31, P• 251). Since standard gases for the calibration of the gas 
partitioner were not available, the percentage coaposition of the 
gases fro• the five digesters could not be deterained; however, a 
coaparison of the chroaatograas obtained fro• the various gases indi-
cated that there was no sigaifieant difference between the peak 
heights on the chromatogram from the control digester, and those 
on the chromatograms from units 2 through ). It was, therefore, con-
cluded that the high aluainua concentrations present in the test di-
gesters did not altar the characteristics of the gas. 
The continuous-flow, field activated sludge pilot plants used 
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in this investigation were relatively easy and inexpensive to con-
struct, and their operation presented few probleas once the correct 
operating procedures had been established; difficulty was encountered 
with an algal growth within the units which were made of clear plexi-
glas, however, this was easily overcome by covering the units with 
canvass. Settled domestic sewage from the Rolla plant, which vas not 
~ any way altered or supplemented with phosphorus or organic matter, 
was used to feed the pilot plant units; its composition varied widely, 
both qualitatively and quantitatively, as would be true under actual 
plant operation. Although this wide fluctuation in the strength 
and characteristics of the influent wastewater, and the resulting 
inability to exactly control the chemical dosages applied, had an 
effect upon the uniforaity of the data, results obtained under these 
conditions would much mora closely reflect actual plant experience. 
The activated sludge pilot plant system proved to be an appropriate 
arrangement for studying the chemical precipitation of phosphorus 
and an efficient method for producing sludge for anaerobic digestion 
studies. 
The laboratory digesters employed were "anaerobic jars" and were 
also relatively inexpensive and easy to operate. The digesters were 
operated oa a basis of a 15-day detention time in order to effect 
hi~ft-rate disestion; however, because of the particular characteristios 
of the sludge used to feed the digesters which contained a smaller 
percentage of volatile solids than normally found, the desired organic 
loading to the digesters was not obtained, Operation of the digesters 
on the basis of organic loading rather than detention tiae would have 
been a pre~erred aethod, but would have been aore tedious and time 
consuming; alternatively, the detention tiae could have been decreased 
and a higher volume of sludge could have been fed to the digesters 
to provide the required loading, Although the digesters were operated 
in excess of two and one-half detention tiaes, at the end of the 
study the aluminum concentration in the digesters had not reached 
equilibriua and operation of the digesters for an additional period 
might have been desirable in order to aore fully evaluate the effect 
of aluainua on the digestion process. 
Very little phosphorus vas released in the digester supernatant 
and the aajority of phosphorus reaoved froa the wastewater, whether 
in the primary sedimentation or the final sedimentation basin follow-
ing cheaical precipitation in the aeration chamber, was held in the 
digester sludge. Although this aight enhance the fertilizing Yalue 
of the sludge, the possibility that phosphorus aay leach out of the 
sludge and eventually return to some surface water to be utilized 
by algae should be investigated, 
The overall treatment system vas effective in reaoving phosphorus, 
and no detrimental effects on the operation of the aerobic and an-
aerobic biological processes resulted from the addition of alua or 
sodiua aluminate. The e,uipaent that would be required for the ad-
dition of these cheaicals in the aeration chaaber consits of only a 
cheaical feed systea, and consequently the initial investment requir.d 
to start operation at existing or future activated sludge plants 
would be minimal. The chemical precipitation of phosphorus in the 
activated sludge aeration chamber would therefore be a feasible and 
effective method of eliminating at least part of the phosphorus input 
to lakes and streams, thus helping to curtail eutrophication. 
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VI. CONCLUSIONS 
The following conclusions have been made on the basis of the 
findings of this study. 
1. The addition of a.lua and sodillll al.WR1nate to the activated sludge 
aeration chaaber produced a low effluent phosphorus concentration 
in the range of 1 to 3 ag/1 P; however, the 1 ag/1 P residual 
concentration obtained in the effluent of laboratory-controlled 
units could not be aaintained under field conditions. 
2. The treataent efficiency of the activated sludge process was not 
adversely affected by the addition of al111l and sodiua aluainate; 
the removal of oheaical oxygen demand averaged approxiaately 90 
percent throughout the study, the sludge had better settling 
characteristics than those of the control, and the overall sta-
bility of the systea was iaproved. 
3. The addition of alua and sodiua al'Wlinate greatly increased the 
aaount of aixed liquor suspended solids (both volatile ana fixed) 
prod•ced in the systea; however, the volatile portion of the MLSS 
decreased froa 80 to about 50 percent and this resulted in a 
corresponding decrease 1n the volatile portion of the digester 
feed sludge. 
4. Phosphorus precipitated froa wastewater by the addition of alwa 
and sodium aluminate in the activated sludge aeration chaaber was 
concentrated in the sludge of the anaerobic digester, and was not 
released during the digestion process. 
5. The supernatants froa the digesters that had been fed with sludge 
containiag oheaically-bound phosphorus contained less phosphoras 
than the supernatant froa a control d.igester. 
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6 • An increase in the alwninwa content of' the digester sludge 
(up to 2,000 mg/1) exerted no toxic ef'f'ects on the anaerobic 
digestion process, as evidenced by the volatile acids, the 
alkalinity, and the gas production characteristics of' the test 
digesters compared to those of' the control digester; there was 
also no change in the type or amount of' the gases produced. 
7. The experimental system consisting of' f'ive 38-gpd continuous-
flow, field activated sludge pilot plants and five 3-1 anaerobic 
jar-type laboratory digesters was relatively inexpensive and easy 
to operate, and proved to be an appropriate test arrangement f'or 
evaluating the f'ate of' chemically-precipitated phosphorus during 
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the overall wastewater treatment process. 
8. The chemical precipitation of' phosphorus in the activated sludge 
aeration chamber and anaerobic digestion of' the sludge produced 
were found to be a feasible and effective method of' eliminating 
at least part of' the phosphorus input to lakes and streaas; it 
exerted no detrimental ef'f'ects on the operation of' the aerobic and 
anaerobic biological processes and could be incorporated into 
existing or future treatment plants with little capital expense. 
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VII. RECOMMENDATIONS FOR FUTURE RESEARCH 
On the basis of the findings of this investigation, the following 
areas are recommended for further study. 
1. The long-term effects of the added aluminum ion on anaerobic 
digestion sho•ld be investigated; although aluainua concen-
trations up to 2,000 ag/1 had no detrimental effects, the amount 
of metal concentrated in the digester was still increasing at 
the conclusion of the study and an equilibriua had not yet been 
reached between the influent aluminum in the feed sludge and 
the effluent aluminum in the digested sludge and supernatant. 
2. Since sodium has been shown to have toxic effects on digestion, 
it would be worthwhile to deteraine the levels this cation reaches 
when sodium aluminate is used as the precipitant. 
). An investigation should be conducted to determine the fate of the 
cheaically-bound phosphorus in the digested sludge after the 
sludge has been removed from the anaerobic digesters. 
4. Since there was very little reduction of organic (volatile) matter 
in the digesters that were fed with the sludge containing aluainua, 
the possibility of placing the sludge from chemically-fed acti-
vated sludge plants directly on drying beds, thereby bypassing the 
digestion process, needs to be investigated. In conjunction with 
this, the dewatering and offensive characteristics of the sludge 
should also be studied. 
BIBLIOGRAPHY 
1, Sawyer, C • N • , "The Need £or Nutrient Control." Journal Water 
Pollution Control Federation, 40, 363 (1968), 
2 • Orr, J. R., "Eutrophication Testing Program for Minnesota's 
'Sky Blue Waters'." Water a.nd Sewage Works, ill• 97 ( 1968). 
3. Oglesby, R, T, and BdJaondson, w. T., ''Control of Eutrophication," 
Journal Water Pollution Control Federation, J§, 1452 (1966), 
4, Oswald, w. J. and Golueke, c. G,, "Eutrophication Trends in the 
U.S.--a Problea?'' Journal Water Pollution Control Federation 2§, 964 (1966). ' 
5. Hassler, A. D., "Eutrophication o£ Lakes by Doaestic Sewage," 
Ecology, 28, 383 (194?). 
6. Sawyer, c. N,, "Basic Concepts in Eliltrophication.•• Journal Water 







Shapiro, J. and Ribeiro, R., "Algal Growth and Sewage E:f£luent 
in the Potomac Estuary." Journal Water Pollution Control 
Federation, lZ• 10)4 (1965). 
Kuentzel, L, E., "Bacteria, Carbon Dioxide, and Algal Blooas." 
Journal Water Pollution Control Federation, 41, 1737 (1969). 
MacKenthua, K. M. and McNabb, c. D., "Stabilisation Pond Studies 
in Wisconsin," Journal Water Pollution Control Federation, 
.ll· 12)4 (1961). 
Buzzell, J. C. and Sawyer, 0, N., "Reaoval o£ Algal N11triente 
From Raw Wastewater with Liae." Journal Water Pollution 
Control Federation, 12• 23 (1967). 
Bush, A. F., Isherwood, J.D., and Rodgi, s., "Dissolved Solids 
ReaoYal from Wastewater by Algae." Journal Sanitary Engineer-
ing Division Aaerican Society of Civil Engineers, ~. SA 3, 
39 (1961). 
Assenzo, J, R. and Reid, G. w., "Reaoving Nitrogen and Phosphorus 
by Biooxidation Ponds in Central Oklahoaa," Water and Sewage 
Works, !!l• 294 (1966). 
Menar, A. B. and Jenkins, D., "The Fate o£ Phosphorus in Waste 
Treataent Process: The Enhanced Reaoval of Phosphate by 
Activated Sludge." Paper presented at the 24th Industrial 












Witherow, J. L., "Phosphate Removal by Activated Sludge." Paper 
presented at the 24th Purdue Industrial Waste Conference, 
Purdue University, Lafayette, Indiana (May 1969). 
90 
Vacker, D., Conwell, c. H., and Wells, w. N., "Phosphate Removal 
Through Municipal Wastewater Treatment at San Antonio, Texas." 
Journal Water Pollution Control Federation, 22• 750 (1967). 
Levin, G. V. and Shapiro, J., "Metabolic Uptake of Phosphorus by 
Wastewater Organisms." Journal Water Pollution Control Feder-
ation, 21• 800 (1965). 
Lea, s. L., Rohlich, G. A., and Katz, W. J., "Removal of Phosphates 
from Treated Sewage." Sewage and Industrial Wastes, 26, 261 (1954). -
Vedder, R. c., "Chemical Precipitation of' Phosphorus with Sodium 
Aluminate and AlWil in the Activated Sludge .Aeration Chaaber." 
M.S. Thesis, University of Missouri-Rolla (1968). 
Tenney, M. w. and Stwam, w., "Chemical Flocculation of Micro-
organisms in Biological Waste Treatment." Journal Water Pol-
lution Control Federation, lZ• 1370 (1965). 
Barth, E. F. and Ettinger, M. B., "Mineral Controlled Phosphorus 
Removal in the Activated Sludge Process." Journal Water Pol-
lution Control Federation, 12• 1J62 (1967). 
Eberhardt, W. A. and Nesbitt, J. B., "Cheaical Precipitation of 
Phosphorus Within a High Rate Activated Sludge Process." 
Journal Water Pollution Control Federation, 40, 1239 (1968). 
Zenz, D. R. and Pivnicka, J. R., "Effective Phosphorus Removal 
by the Addition of Alum to the Activated Sludge Prooesa." 
Presente4 at the 24th Purdue Industrial Waste Conference, 
Purdue University, Lafayette, Indiana (May 1969). 
Barth, E. F., Brenner, R. c., and Lewis, R. F., "Chemical-
Biological Control of Nitrogen and Phosphorus in Wastewater 
Effluent... Journal Water Pollution Control Federation, 40, 
2040 (1968). 
Kugelman, I. J. and McCarty, P. L., "Cation Toxicity and Sti.Jau-
lation in Anaerobic Waste Treataent." Journal Water Pollution 
CGntrol Federation, JZ, 97 (1965). 
Kugelman, I. J. and McCarty, P. L., ''Cation Toxicity and Stimu-
lation in Anaerobic Waste Treataent-II. Daily Feed Studies." 
Proceedings of' the 19th Industrial Waste Conference, Purdue 











McCarty, P • L. and McKinney, R. E., "Volatile Acid Toxicity in 
Anaerobic Digestion." Journal Vater Pollution Control Feder-
ation, J2, 223 (1961). 
Sawyer, c. N., Howard, F. s., and Pershe, R., "Scientific Basis 
for Liming of Digesters." Sewage and Industrial Wastes, 26, 
935 (1954). 
Pruitt, L. L., "The Effect of Cadmium on Anaerobic Digestion." 
M.s. Thesis, University of Missouri-Rolla (1965). 
91 
Thomas, E. A., "Phosphate Precipitation in the Clarification 
Plant at Uster and the Removal of the Iron-Phosphate Sludges, 
( 1960 and 1966) •" Vierteljahrsschr. Naturf'orsch. Gesellscha:ft 
Zurich, 111, 309 (1966). 
Sawyer, c. N., "An Evaluation of High-Rate Digestion." in Bio-
logical Treatment of Sewage and Industrial Wastes, Voluae 2 
Anaerobic Digestion and Solids-Liquid Separation, edited by 
McCabe, J. and Eckenfelder, w. w., Reinhold Publishing Corpo-
ration, New York (1958). 
Eckenfelder, w. w. and O'Connor, D. J., "Biological Waste Treat-
ment." Pergamon Press, New York ( 1961). 
Task Group Report, "Nutrient-Associated Probleas in Water Quality 
and Treat•ent." Journal American Water Works Association, 
.2§, 1337 (1966). 
"Standard Methods for the E.xam.ination of Water and Wastewater." 
12th Edition, American Public Health Association, New York 
(1965). 
Murphy, J. and Riley, J., "A Modified Single Solution Method for 
the Deteraination of Phosphate in Natural Waters." Analytical 
Chemistry Acta, ~. 31 (1962). 
Jankovic, s. G., Mitchell, D. T., and Buzzell, J. c., Jr., 
"Measurement of Phosphorus in Wastewater." Water and Sewage 
Works, 114, 471 (1967). 
Edwards, G. P., Molof, A. H., and Schneeman, R. w., "Deteraination 
of Orthophosphate in Fresh and Saline Water." Journal Aaerican 
Water Works Association, 22• 917 (1965). 
Williaas, R. T., Chief, Analytical Applications Laboratory, Waste 
Identification and Analysis Activities, Advanced Waste Treat-
ment Research Laboratory, Federal Water Pollution Control 
Administration, Cincinnati, Ohio, Personal Coaaunication (1969). 
DiLallo, R. and Albertson, o. E., "Volatile Acids by Direct 
Titration." Journal Water Pollution Control Federation, Jl, 
356 (1961). 
92 
39. Sawyer, c. N. and McCarty, P. L., .. Cheaistry :for Sanitary Engineera." 
2nd Edition, McGraw-Hill Book Company, St. Louis (1967). 
40. Dague, R. R., "Application of Digester Theory to Digester Control." 
Journal Water Pollution Control Federation, 40, 2021 (1968). 
41. Schlenz, H. E •• "Iaportant Considerations in Sludge Digestion, 




Douglas Wayne Max was born May 17, 1938, to Mr. and Mrs. Woodrow 
Max in Tipton County, Tennessee, where he received his elementary and 
secondary education. He had completed a two-year pre-engineering 
course at Northwest Mississippi Junior College, Senatobia, Mississippi, 
and had attended Union University, Jackson, Tennessee, for a semester 
before joining the United States Air Force in 1961. Upon his dis-
charge, he entered the Tennessee Technological University froa which 
he received his Bachelor of Science Degree in Civil Engineering in 
June 1967. After working for a year with the u.s. Army Corps of 
Engineers, he began graduate work at the University of Missouri-
Rolla toward a Master of Science Degree in Civil (Sanitary) Engine-
ering and was awarded a Federal Water Pollution Control Adainis-
tration Traineeship. 
The author was married to the foraer Mary McDaniel in 1962, 
and they have one child, a girl, Connie, born in 1965. 
He is an associate aember of the American Society of Civil 
Engineers, a student member of the Water Pollution Control Feder-
ation, the Missouri Water Pollution Control Association, and the 
American Water Works Association. He is an Engineer-in-Training 
in the state of Tennessee. 
